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Secrets of an Ancient Thigh Bone 


The functional and phylogenetic significance the 6-million-year-old femora of Orrorin tuge- 
nensis, one of the earliest fossils from the human lineage has been debated since their 
discovery in Kenya in 2000, Richmond and Jungers (p. 1662; see the news story by Gib- 
bons) present a comparative morphometric analysis of these remains with femora from 
modern humans, tiving apes, and other fossil hominins to reveal and confirm bipedal adap- 
tations in the femora of Orrorin. The Orrorin femora closely resemble those of Australopithe- 
‘cus and Paranthropus, which are 2 to 3 million years old, which contradict the hypothesis 
that Orrorin is more closely related to Homo than to Australopithecus. The morphology of 
the Orrorin femora strongly suggests that the australopithecine pattern of hip biomechanics 
evolved very early in human evolution and persisted as a stable locomotor strategy for as 
long as 4 million years, the majority of human evolutionary history. 


Small Minerals, 
Big Implications 


Many geologic processes involve reactions 
between minerals and between minerals and 
surface water, groundwater of ait. Increasingly, 
ithas been recognized that many important 
reactions involve minerals that are less than 
about 1 micrometer in size (or nanominerals), 
and two Reviews discuss how minerals properties, 
can depend on crystal size. Hochella et al. 
(p. 1631) summarizes our understanding of 
these nanominerals, their occurrence, and their 

& potential implications in geologic processes. 

Navrotsky et al. (p. 1635) focus on the thermo- 
dynamics and stability of one of the most impor 

g tant and ubiquitous classes of nanominerals, the 


Boe oh s 
§ Diffusion in Overdrive 


& The motion of impurity atoms within a crystal is 
H a thermally driven process, and for a perfect 
caystal, this process should be faiy slow. How 
ever, there are numerous examples where faster 
= diffusion has been observed that generally have 
been attributed tothe presence of dislocations 
§ and grain boundaries. Legros eta. (p. 1646) 


‘measure the motion of silicon precipitates inside a 
thin film of aluminum and directly observed “pipe 
diffusion,” in which the dislocations in the alu 
‘minum act asa channel for more rapid travel of 
the silicon, Diffusion can be accelerated by three 
‘orders of magnitude compared with bulk diffu 
sion, in support of the theories on pipe diffusion, 


How Titan Turns 

Titan, Saturn’s largest moon, is covered with an 
icy crust and dense atmosphere. Lorenz et al. 
(p. 1649; see the Perspective Sotin and Tobie) 
used several years of Cassini radar observations 
to show that Titan's rotational period differs. 
from its orbital period, which implies that there 
isan exchange of angular momentum seasonally 
between the planet and its atmosphere. Model- 
ing of this exchange requires an internal model 
of Titan that includes a crust and core separated 
bby a liquid ocean, as on Jupiter's moon Europa. 


Ancient Volcanic Gas 
in Glass 


The influence on climate of massive volcanic 
eruptions that have formed flood basalts, such 


EDITED Lilie TC HURTLEY AND PHIL SZUROM! 


as the Deccan traps atthe end of the Cretaceous, 
hhas been difficult to assess, in part because of 
the lack of data on the gas contents of most of 
the magmas (much of the erupted basalt 
degassed as crystals formed of during later 
alteration). Self et al, (p. 1654; see the Perspec- 
tive by Scaillet) screened many samples of the 
Deccan basalts and found a few samples preserv- 
ing glass inclusions in crystals or glassy rims that 
could preserve information on the original sulfur 
and chlorine contents of the Deccan magma The 
results imply that the Deccan basalts released 
hhuge amounts of sulfur, perhaps nearly an order 
‘of magnitude or more than recent global anthro- 
pogenic emissions, for decades or centuries, 


Low-Field Multiferroics 

The ability to electrically manipulate the magnetic 
properties of a solid offers great potential for 
device functionality. Materials of 
particular interest are those in 
which the magneto-electric (ME) 
response, which couples electric 
and magnetic dipole moments, 
‘isan intrinsic property of the 
cystalline symmetry, So far, 
‘however, the ME effect in such 
materials has only been seen at 
large magnetic fields and low 
temperature. Ishiwata et al. 
(p. 1643) present results on the 
hexaferrite Ba,Mo,Fe,,0,,, 
which has a chiral spin structure, 
and show that the electric polar- 
ization can be manipulated with 
a very low magnetic field of 

30 millitesla. 


Insights into Early 
Multicellular Life 


‘Multicellula life first appeared in the Late Precam- 
brian, but the affinity and habits of many of the 
fossils remain enigmatic. Droser and Gehting 

(p. 1660; see the Book Review by Xiao) reveal a 
new described tubular organism that is particu 
larly abundant in one area where many fossils have 
been found, the Ediacara ofthe Flinders Range of 
South Australia, The tubular fossils are as long as 
30 centimeters and 12 millimeters in diameter 
and are composed of smaller units. A few exhibit 
branching, and multiple modes of growth are rep- 
resented The fossils reveal attachment structures 
to the sediment substrate, and probably represent 
a stem-group Cnidarian or Poriferan. 


Continued on page 1587 
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This Week in Science 


Functional Differentiation Within the 


Human Hippocampus 


Structures in the temporal lobe of the human brain support declarative (fact and event) memory. 
How these structures operate and interact is unclear. Recent studies in rodents observed pattern 
separation processes in the CA3 field and dentate gyrus. Using high-resolution brain imaging, 
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Bakker et al. (p. 1640; see the Perspec 
tive by Leutgeb) have now analyzed 
these operations in humans. A 
technique was developed to 
infer changes in the pattern of 
activity across neurons in the 
medial temporal lobe with, 
? respect to pattern separation 
and pattern completion 
processes. In striking similarity to 
the rodent data, strong pattern separa 
tion was observed in the CA3 and den 


tate gyrus, whereas a tendency toward pattern completion was observed in hippocampal CA2, the 
subiculum, the entorhinal, and parahippocampal cortices. 


Radical Avoidance Strategy 


Staphylococcus aureus is responsible for severe infections tha, in the wake of widespread antibiotic 
resistance, area growing threat. Unlike very closely related commensal species, S. aureus can both 
Inhibit and avoid the damaging eects of NO released during host defensive responses. Richardson et al. 
(p. 1672, see the cover) show that in addition to free-radical scavenging mechanisms, . aureus pos 
‘sesses an inducible lactate dehydrogenase through which it can divert glucose metabolism exclusively 
to Llactate during NO exposure when other more sensitive enzymes shut down. This strategy allows the 
‘organism to maintain redox balance, etain virulence, grow, and replicate despite the host assault 


Faulty Scaffolding and Cancer 


Differentiation, survival, and growth of B cells requires proper functioning of the nuclear factor-n8 
(NF-xB) signaling pathway, including CARD11, a cytoplasmic scaffolding protein that serves as a 
docking site for signaling molecules. Lenz et al. (p. 1676, published online 6 March) have discovered 
that a certain subtype of diffuse large B cel lymphoma, the most common form of non-Hodgkin's 
lymphoma in humans, is caused by mutations in the CARDZZ gene. In cel culture experiments, these 
‘mutant forms of CARD11 caused inappropriate activation of the NF-xB pathway. 


Individual Egg, Individual Attention 

Female flies are selective in choosing suitable sites to lay their eggs, presumably to promote sur- 
vival of their progeny. However, Yang ef al. (p. 1679) found that even at sites suitable for egg- 
laying, for every single egg to be deposited, Drosophila melanogaster went through a stereotyped 
behavior sequence: A searchlike program, egg-laying, cleaning of ovipositor, and rest. Females 
selected plain or bitter-tasting substrates over sucrose-containing media when given a chance to 
explore available options. However, when only sucrose was available, they laid eggs on it, and in 
approximately equal numbers, which suggests that while sucrose is not their preferred choice, it is 


not absolutely repulsive. 


‘Tis Better to Give 


Now that the holiday shopping season is over, many people can ask whether, as in the adage, it 


Fy 


truly was better to give than to receive. Dunn et al. (p. 1687) address this question, by using the 
Z results from a survey of Americans, by analyzing the actual spending patterns of bonuses meted 


& out ata Boston area firm and by conducting an experimental manipulation on a stereotypical 
subject pool (psychology undergraduates). All three studies suggest that spending money on 
§ other people produces more happiness than spending on oneself, in contrast to the expectations 


5 of the undergraduates. 
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Bruce Alberts is 
Editor-in-Chief of Science, 


EDITORIAL 


Considering Science Education 


| CONSIDER SCIENCE EDUCATION TO BE CRITICALLY IMPORTANT TO BOTH SCIENCE AND THE 
world, and I shall frequently address this topic on this page. Let's start with a big-picture view, 
enterprise has greatly advanced our understanding of the natural world and has 
thereby enabled the creation of countless medicines and useful devices, It has also led to 
behaviors that have improved lives. The public appreciates these practical benefits of science, 
and science and scientists are generally respected, even by those who are not familiar with how 
science works or what exactly it has discovered. 

But society may less appreciate the advantage of having everyone aquire, as part of their 
formal education, the ways of thinking and behaving that are central to the practice of 
successful science: scientific habits of mind. These habits include a skeptical attitude toward 
dogmatic claimsand a strong desire for logic and evidence. As famed astronomer Carl Saga 
Put it, science is our best “bunk” detector. Individuals and societies 
clearly need a means to logically test the onslaught of constant clever 
‘attempts to manipulate our purchasing and political decisions. They 
also need to challenge what is irrational, including the intolerance that 
fuels so many regional and global conflicts. 

o how does this relate to science education? Might it be possible to 
‘encourage, across the world, scientific habits of mind, so as to create 
more rational societies everywhere? In principle, a Vigorous expansion 
‘of science education could provide the world with such an opportunity. 
but only if seientists, educators, and policy-makers redefine the goals of 
science education, beginning with college-level teaching. Rather than 
‘only conveying what science has discovered about the natural world, asis 
done now in most countries, a top priority should be to empower all 
students with the knowledge and practice of how to think like a scientist. 

Scientists share a common way of reaching conclusions that is based not onl 
and logic, but also requires hone creativity, and openness to new ideas, The scientific 
‘community can thus often work together across cultures, bridging political divides. Such 
collaborations have mostly focused on the discovery of new knowledge about the natural 
world, But scientists can also collaborate effectively on developing and promulgating a form 
‘of science education for all students that builds scientific habits of mind. 

Inquiry-based science curricula for children ages $ to 13 have been undergoing 
development and refinement in the United States for more than 50 's. These curricula 
require that students engage in active investigations, while a teacher serves as a coach to 
‘guide them to an understanding of one of many topics. This approach takes advantage of 
the natural curiosity of young people, and in the hands of a prepared teacher, it can be 
highly effective in increasing a student's reasoning and problem-solving skills. In addition, 
because communication is emphasized, inquiry-based science teaching has been shown 
to increase reading and writing abilities. This approach to science education has been 
slowly spreading throughout the United States in the past decade, but it requires resources 
on the part of school districts that are often not available, With strong support 
icademies, a similar type of science education is also being 
implemented in France, Sweden, Chile, China, and other countries. In these 
catalyzed for the past 8 years by the InterAcademy Panel in Trieste, sciemtists are 
resources and helping to form new bridges between nations 
With appropriate modifications. could such an education also help make students more 
rational and tolerant human beings, thereby reducing the dogmatism that threatens the 
world today with deadly conflict? In future editorials, I will explore the many potential 
advantages of inquiry-based science education, I will also discuss the barriers that must 
be overcome for its widespread implementation across the globe. because we may face 
‘no more urgent task if future generations are to inherit a peaceful world, 


~ Bruce Alberts 


10.1126 /sclence.1157518 
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PLANT SCIENCE 
At Root of the Matter 


‘Many plant roots establish a symbi- 
otic relationship with either bacteria 
or fungi in order to gain access to 
nutrients, such as fixed nitrogen or 
phosphate, respectively. Markmann 
et al. and Gherbi et al. have investi- 
gated the evolution of symbiotic 
relationships between plants and 
their symbionts and suggest that, on 


Intimate associations between plants and bacteria and fungi. 


the basis of its nearly universal presence, a single signal transduction component, the leucine-rich-repeat, receptor-like 
kinase SYMRK, is essential for a host of angiosperms. Genetic knockdown in a member of the cucumber family (atisca 
glomerata, a close legume relative) and inthe tree Casuarina glauca showed that this protein was essential for bacterial nodu- 
lation; furthermore, it also affected fungal symbiosis. Additional investigation revealed that the protein is highly conserved 
in its ability to mediate these interactions and that this protein does not mediate the exclusive host/symbiont interactions 
found among species. n addition, three structural SYMRK versions exist among plants with different functional capabilities 
in the development of root/symbiont interactions, providing an evolutionary hypothesis for the origin of the highly derived 
nodules in legumes and their close relatives. — LMZ 


MOLECULAR BIOLOGY 
SINEs of Repression 


‘Mammalian genomes are packed to overflowing 
with a menagerie of repetitive DNA elements, 
‘many of which are derived from defunet trans 
posons. Short interspersed elements (SINEs)— 
relic rerotransposons—are maintained in both 
‘mouse and human genomes. A clue to the basis 
for the persistence of these apparently “para: 
sitic” DNA regions in the mouse comes from the 
‘observation that the noncoding (nc) RNA tran 
scribed from B2 SINEs in response to heat shock 
can act to repress specific protein-coding genes 
by binding to and repressing RNA polymerase Il 
(pol). 

The predominant SINEs in humans are Alu 
elements, similar in part to mouse B1 SINEs but 
evolutionarily unrelated to the other predomi- 
nant mouse SINE, 82. Mariner eta. show that 
‘human Alu ncRNA, like mouse B2 ncRNA, can 
‘repress specific genes in response to heat shock, 
and that, like B2 RNA, it achieves this by bind: 
jing to the RNA pol I! pre-initiation complex, 
probably preventing appropriate interaction 
with promoter DNA. Human Alu RNA has a simi- 
{ar effect in mouse cells, and conversely, mouse 
B2 RNA in human cells. The mouse B1 SINE RNA 
is related to a processed short cytoplasmic RNA 
fragment of Alu (corresponding to the 5’ half of 
Alu ncRNA) and both can bind RNA po I 
Although neither can repress transcription in 
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LOS Biol. 6, e68; Proc. NotL Acad. Sc. USA. 105, 10.1073/pna5.0710618105 (2008). 


Vitro, itis quite possible they also have retated 
‘egulatory functions. Thus it would seem that 
‘humans do not have either of the B1 or 82 SINE 
family of repeats because the Alu repeats can by 
themselves carry out the function of both of the 
mouse SINE RNAS, and possibly supplanted 
them during evolution. — GR 

Mol, Cell 29, 499 (2008), 


that the phosphorus-to-calcium ratio of a 
scleractinian coral, Pavona gigantea, tracks 
variations in seawater phosphate concentration, 
thereby offering a possible solution to the 
dilemma of not being able to reconstruct the 
history of that nutrient in the past. f their 
method proves robust, coral skeleton P/Ca might 
be a reliable proxy record of nutrient availability 
‘on time scales of decades to millennia. — H]S 


OCEAN SCIENCE Geophys. Res. Lett, 35, 105604 (2008). 


Phosphate Clues from Coral 


Phosphorus is an essential macronutrient for 
marine organisms, and its availability probably 
‘exerts a major control on climate, due to its 
potential to affect the 
intensity of marine 


Puysics 
A Matter of Extended Coherence 
The splitting and subsequent re-overlapping of 


a coherent light beam provides the basis or 
exquisitely sensitive detection of path-length 


productivity and differences; this technique of optical interfer- 
thereby contrib ‘ometry finds applications ranging from stellar 
Ute to regulation ‘observations to holographic imaging and char- 
of the concentra- acterization of optical components. Analo- 

tion of carbon ously, the cooting of a cloud of bosonic atoms 
dioxide in the into a Bose-Einstein condensate, a state in 
atmosphere. which all the atoms share the same quantum 
Unfortunately, state, is described in terms of a coherent matter 
tno direct method to wave. Because atoms sense gravity, the interfer- 
determine the abundance ence of matter waves can then be used to pro- 
‘of marine phosphorus in the vide a sensitive gravity detector, with a compa- 


productive surface ocean in the geo- 
logical past has been found, so the relationship 
between phosphorus availability and paleo- 

climate remains uncertain. La Vigne et al. report 


‘ably diverse set of applications ranging from 
testing relativity to detecting underground 
‘bunkers. Unlike photons, however, which do not 
interact much with each other, the atoms in the 


iencemag.org 
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trapped cloud do interact by way of collisions. 
These collisions then give rise to losses and 
induce shifts in the phase of the matter wave, 
thereby limiting the sensitivity of any atom 
interferometer. Gustavsson et ol. and Fattori et 
4l, present setups in which the interaction 
strength between the atom in the condensate 
(cesium and potassium, respectively) is tuned 
via magnetic field so that the scattering 
between the atoms is significantly reduced. 
The resulting extension of the matter-wave 
coherence time leads to improved sensitivity 
of the atom interferometers. —1S0 

Pry. Rev. Lett. 100, 080404; 080405 (2008). 


CELL B1oLoGy 
Resection and Repair 


When the outer membrane of a eukaryotic cell is 
damaged (for instance, by ripping), a calcium 
‘dependent repair process involving the fusion 
‘of lysosomal membrane with the plasma mem 
brane is set in motion. Bacterial 
toxins can also perforate the plasma 
membrane, but do so by forming 
protein-delimited holes. How does 
cell repair this kind of puncture? 
Ione et af, show that, in addition to 
patching the portion of damaged 
membrane using exocytosis, the cell 
arranges for the removal of the per: 
forated areas from the cell surface 
via a process of calcium-stimulated 
‘endocytosis. Treating cells with the 
bacterial toxin streptolysin, which 
forms stable membrane-embedded 
pores, induced a calcium: and sterol-dependent 
form of endocytosis that cleared the pores from 
the plasma membrane, leading to the rapid 
(in less than a minute) reseating of the cell: 
independently stimulating endocytosis aso 
promoted membrane repair. Thus, cells use two 
mechanistically linked pathways, which are 
both stimulated by high levels of extracellular 
calcium, to activate membrane repair after 
physical injury. — SMH 

1. Cell Bol, 180, 905 (2008). 

f 


CHEMISTRY 
# O Flow Dims Glow 


F tna polymer electrolyte membrane (PEM) fuel 

cell, hydrogen is oxidized atthe anode to form 

protons that migrate through a membrane and 

2 then react with the oxygen being reduced at the 

§ cathode. elicient operation relies in part on 
‘optimizing interactions ofthe respective isolated 
electrodes with flowing hydrogen and oxygen 

5 gas. Toward this end, Inukai et al. have devised a 

5 technique for visualizing oxygen flow as PEM fuel 


www. sciencemag.org 


EDITORS’CHOICE 


cells operate. They disperse a phosphorescent 
chromophore in a polymer matrix and apply 
the resulting oxygen-permeable film to specially 
constructed transparent fuel-cell elements. 
Because oxygen quenches the phosphorescence, 
the authors can track oxygen flow by monitoring 
emission intensity after excitation of the dye- 
impregnated film with 407-nm light. The scheme 
offers 300-41m spatial resolution and 500-ms 
temporal resolution. —}SY 
Angew. Chem. Int Ed 47, 
10.1002/anie.200705516 (2008). 


NEUROSCIENCE 
Time Is on Our Side 


The cerebellum is a highly ordered brain struc 
ture, with the axons of small numerous granule 
Cells projecting to the dendritic tree of large 
Purkinje cells in a stereotyped way. All of the 
daughters of individual granule cell precursors 
connect to the same horizontal layer within the 
Purkinje cel dendrites, although their cell bod 
ies are not grouped 
together. How does 
this structure assem: 
ble so precisely? 

By tracing the 
lineal descent and 
migration of granule 
cells with a method 
that visualizes their 
axonal and dendritic 
projections, Espinosa 


and luo have 
The axons (fuchsia) of vealed that it 
Gronulecells blue) «cus by application 
fmnervate the Purkinje of astraightlonward 
telldendrites (blac. principle lof the 


offspring of each 
precursor granule cell exit the cell cycle within 
‘a narrow time window and synchronously con- 
‘nect their axons to the top surface of the layer 
containing the Purkinje cell dendrites. Each 
lonally related family of granule cells takes its 
turn to differentiate and connect to the Purk 
inje cell dendrites, resulting in their axons 
stacking in the dendrites in chronological order 
{rom deep to superficial. This sequential matu 
ration of granule cells coincides with the 
ordered arrival of their mossy fiber inputs, 
Which arrive from other brain areas at different 
times. Inputs from each brain region would 
therefore target a different region of the Purk- 
inje cell dendritic tree and so have a distinct 
influence on computation. Thus, the developing 
brain uses the simple principle of temporal 
sequencing to assemble a precise and complex 
computational machine. — KK 

J. Neurosci. 28, 2301 (2008). 


Fashion 
Breakthrough 
of the Year 


Our Science Gene 
Sequence T-shirt— 
get yours today! 


By popular demand! Created to 
celebrate our Breakthrough of 
the Year for 2007, this T-shirt is. 
designed from an annotated 
gene sequence map of human 
chromosome 1, 


Since the shirt appeared on the 
cover of Science, we've been 
flooded with requests. Now it's 
yours for just $22.50 plus tax 
(where applicable), and shipping 
& handling. Photos of the 

actual shirt are available at the 
website below. 


Science 
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2524 modern human skulls and 20 Neandertal 
skulls. They plugged the numbers into a 
model based on a well-established 
example of human genetic drift. 
They came up with a “diver: 
gence time estimator” that put 
the Neandertal-Homo sapiens 
evolutionary spit at between 
311,000 and 435,000 years ago. That 
range agrees with recent estimates from 
‘Neandertal DNA (Science, 17 November 
2006, p. 1113). Eric Delson, a pale 
‘anthropologist at Lehman College in 
‘New York City, says the study, in this 
week's issue of the Proceedings of 
the National Academy of Sciences, 
‘adds to “the growing body of evidence 
in support of a genetic-drift explanation for a 
‘major portion of human cranial evolution.” But 
he cautions that these findings apply only to 
features of the skull, not tothe brain inside. 


Drifting Hominids 


‘Many researchers assume that 
differences between the skulls 
‘of modern humans and 
Neandertals—with their jut 
ting faces and thick brow 
ridges—are due to natural 
selection, Neandertal crania 
(see top skull) might be adapted 
to using teeth as tools, white the 
‘moderns (below) were moving 
toward language proficiency. 
But a new study supports 
the notion that these dra 
matic contrasts result from 
“genetic drift”: the random 
changes that occur in any pop 
ulation, Anthropologist Timothy 
Weaver of the University of California, Davis, 
and colleagues made 37 measurements on 


Verbs Across the Bering Strait 
When Edward Vajda first encountered descriptions of an isolated Siberian language, Ket, in 
the early 1990s, its verbal structure reminded him of Navajo. 

Now Vajda, a linguist at Western Washington University in Bellingham, has demonstrated 
the first solid connection between Native American languages and those spoken by north 
Asians who came across the Bering Strait some 12,000 years ago. 

Ata meeting of the Alaska Anthropological Association in Anchorage last month, Vajda 
showed how Yeniseic, a language family containing Ket, is linguistically related to Na-Dene, a 
North American language group including Navajo. Vajda compared verbs in Ket and Na-Dene, 
all tonal languages, and showed how tones in Ket words arose from consonant shifts in similar 
'Na-Dene words. He also identified shared vocabulary. The modern Ket word for “mosquito, “for 
example, is pronounced “soo-ee”; the ancestral Athabaskan is “tsoo-et 

Although a linguistic tie between the two language families has long been supposed, 
scholars have been skeptical of previous attempts to link them that far back. Vajda’s work, 
says linguist Johanna Nichols of the University of California, Berkeley, isa “successful demon- 
stration of a long-distance, temporally deep connection.” 
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India’s Floating Lab 


India has established a state-of-the-art marine 
research presence with its new $58 mi 
ship, the Sagar Nidhi (“ocean wealth"). The 
103-meter-Long Italian-built ship, India’s 
largest research vessel to date, wil survey 
marine resources along the country's 7500 
coastline, conduct underwater archaeology, 
and deploy deep-sea sensors for early warning 
against tsunamis, Launched on 3 March in 
Chennai, the ship will house 30 scientists, 


Genes and Humor 


Hf you use humor to lighten your tfe, you can 
thank your genes. But sarcasm is more likely a 
reaction to your environment, according toa twin 
study on “humor styles.” 

Psychologist Philip Vernon and colleagues at 
the University of Western Ontario in London, 
Canada, gave a questionnaire to 456 pairs of 
‘adult, same-sex twins in Britain; 300 pairs were 
identical and 156 pairs were fraternal. The ques 
tions measure two positive humor styles: “alfitia 
tive” and “self-enhancing” (with items such as, 
“I'm often amused by the absurcities of life”), 
There are also two negative styles: “aggressive” 
‘and “self-defeating” (as in,“ will often tease 
people” about their mistakes). 

The researchers reported in last month's issue 
of Tin Research and Human Genetics tha, for 
positive humor, correlations were far higher in 
the identical than the fraternal twins, in tine with 
their genetic relatedness. Negative humor, in 
contrast, showed little genetic influence, 

But Brits and Americans diverge abit in their 
propensity for nasty jokes. The British study 
revealed some genetic influence for negative 
humor, whereas a study of U.S. twins, also 
headed by Vernon (in press in Personality and 
Individual Differences), found almost none. 

Vernon theorizes that the difference reflects a 
“larger tolerance” for “diverse” types of humor in 
the U.K. Americans “might be less likely to enjoy” 
negative humor, he says. The contrasting results, 
says psychologist Nancy Segal of California State 
University, Fullerton, make for “a fascinating 
intermixing of biology and culture.” 
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CELEBRITIES 

WAITING FOR BILL. Inside a packed room in 
Washington, D.C, last week, members of the 
House Science and Technology Committee 
begged Bill Gates, retiring Microsoft chair and 
billionaire philanthropist, to tell them how to 
get more U.S. students interested in science and 
engineering. “What's our next Sputnik 
moment?” asked Representative Gabrielle 
Giffords (O-AZ), whose husband, Mark Kelly, 
isan astronaut. 

Gates, who called for more spending on 
research and education, himself may be part of 
the answer, His presence last week at the com- 
rmittee’s 50th anniversary hearing generated 
enough buzz that the queue for the 10:00 a.m. 
hearing began forming shortly after sunrise. 
There was a preponderance of 20-somethings in 
line, “I just thought it would be neat to hear 
him,” said Sean Connolly, a University of 
‘Mississippi student visiting Washington, D.C. 


AWARDS 

IN ABSENTIA. A decade ago, Middle East poli- 
tics derailed plans to honor Israeli physicist 
Daniel Amit of Hebrew University in Jerusalem 
for fostering scientific cooperation in the region. 
This month, the European group that adminis 
ters the Rammal Award chose to give it to 
‘Amit—4 months after he committed suicide in 
his Jerusalem home at the age of 69. 

The award is named for the late Lebanese 
physicist Rammal Rammal. In 1998, ajury 
‘chose Amit for helping to incorporate physics 
into neuroscience and for working toward peace 
in the region. But the French Physical Society, 
which administered the prize at the time, chose 
not to give an award that year after some 


IP NEWSMAKERS 
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Inthe News>> 


LAST-MINUTE SWITCH. A violation of training rules has cost a 
‘South Korean researcher his chance to become the country’s 
first space hero. 

Last September, the South Korean government announced 
that Ko San, 30, a researcher at the Samsung Advanced Institute 
of Technology, would fly to the international space station 
next month aboard the Russian spacecraft Soyuz (Science, 21 
‘September 2007, p. 1659). But during his training. Ko violated 


lion Templeton Prize from the 


mission proto 
rowing a space flight manual he was not 

Forthese infractions, South Korean of 
to give his seat to his backup, Yi So 
received a Ph, 
Institute of 


become the 50th woman, and first 


Lebanese scientists protested, arguing that 
no Israeli should receive the prize until there 
was peace between Israel and Lebanon 
(Science, 5 March 1999, p. 1422). 
Yet Gérard Toulouse, a physicist at the 
Ecole Normale 
Supérieure in Paris 
who established the 
award in the early 
19905, never aban- 
doned his campaign 
to honor Amit. And 
this year, Euroscience, 
the organization that 
now administers the 
award, chose to honor 
‘Amit posthumously. 


research on science, philosophy, 


olsby taking homea training manual and later bor- 
uthorized to examine, 
Is last week decided 
con (right), who last month 
in bioengineering at the Korea Advanced 
jence and Technology in Dacjeon. Yi 
prea, to fly in spo 


theology of science would 


29, will 


Toulouse, who is still mourning his friend's 
death, says the prize gives him a “huge sense 
of relief” as well as a deep feeling of regret. 
Honoring Amit in 1998 would have made him 
“a grand symbolic figure,” he says, "That 
might have changed Amit’s fate.” 


INTEL SCHOLARS, Shivani Sud has won the 
top, $100,000 prize in the Intel Science Talent 
Search for finding a genomic signature that 
predicts colon cancer relapse and identifying 
drugs that could help prevent it. Asenior at 
Charles E. Jordan High School in Durham, 
North Carolina, Sud worked with Duke 
University oncologist Anil Potti. “There were 
days she would bring her homework to the lab 
and stay til 2 in the morning,” Potti says. 


‘we could solve an equation 


John Templeton Foundation. accept that the limits of that will prove that God exists. 
The 72-year-old professor at _ rationality do not coincide 

the Pontifical Academy of with the limits ofthe scien- _Q: You suggest that God may 
Theology in Krakow willuuse tific method, ... allowing for be too complex for humans 
the prize to create an institute, questions such as the ultimate to understand. Why should 
named for Copernicus, for cause of the universe. that be? 


Our brains evolved over mil~ 


‘and theology. Q: You say science is the lions of years through our 
discovery of the mind of _ interaction with the environ 
Q:You talk about a theology God. Cana complete scien- ment, E:volution required us to 
of science. Can there be such tific understanding of the develop certain mental facul- 
, a thing? universe supplant the idea ties to survive, We are fortu- 
Three Q S Idon’t think it exists. But of God? rate that we somehow devel- 
hope it could be created. If __Idon’t think so. Ibelieve God__oped the surplus brainpower 


Michael Heller, a Polish cos- you are investigating the is immanent, and so every law to understand things like 
mologist and Catholic priest. world using the standard sci- of physics isa manifestation of quantum mechanics, but I 
who advocates a convergence entific method. there are some God. But God isalso transcen- doubt whether that is still 
of scientific and theolog aspects of the world that are dent and extends beyond the enough to comprehend the 


inquiry, has won the $1.6 mil- 


‘automatically switched off. A 


universe. I don’t think one day 


full nature of reality. 
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DNA DATA 


Proposal to ‘Wikify’ GenBank 
Meets Stiff Resistance 


When Thomas Bruns turns to GenBank, the 
USS. public archive of sequence data, to iden- 
tify a fungus based on its DNA sequence, he 
does so with some trepidation, As many as 


20% of his queris 


return incorrect or ink 


m- 
plete information, says Bruns, a mycologist at 
the University of California, Berkeley. Ina let- 
teron page 1615, Bruns, Martin Bidartondo of 
Imperial College London, and 250 colleagues 
\who work on fungi urge GenBank to allow 
researchers who discover inaccuracies in the 
database to append corrections, GenBank 
however, says such a fix would cause more 
problems than it solves, 

The letter comes from a relatively small 
research community concerned primarily with 
making sure that the species from which a 
sequence came is correctly identified, But “the 


problem extends far beyond fungi. to much 
bigger—and [more] recognizable—ereatures.” 
says James Hanken, director of the Museum of 
Comparative Zoology at Harvard University 
Other sorts oferrors—suchasinaccurateinfor- 
mation on a gene's structure or on what its pro- 
teins do—also plague the database. 

Incorrect data are more tn just an incon- 
venience, Analyses of new data depend in a 


Tangled mess. The fungal threads (white fluff) on these pine roots 
require GenBank comparisons to identily 
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lange part on comparisons with what's already 
in GenBank—be it right or wrong. Computers 
predict gene function, for example. based in 
part on similarities with known 


GenBank Growth 
1982-2007 


Base Pairs 


ives" i990 t995 2000 
Upand up. Critics fear that GenBank’s rapid growth 
{s leading to error propagation 


2005, 


Bruns and others ferret out species’ identi 
jes—often of organisms otherwise indistin- 
aishable—by looking for matches to named 
GenBank entries. Under the current setup. 
is all too likely.” says 
a mycologist at Wageningen 
University in the Netherlands. 

What the mycologists are asking for isa 
scheme like those used in herbaria and muse~ 
tums, where specimens often have 
multiple annotations: listing orig: 
nal and new entries side by side 
would be a community operation, 
like Wikipedia, in which the users 
themselves update and add infor- 
mation, but not anonymously 

GenBank’s managers 
dead set against letting users 
into GenBank’s files. however. 
They say there already are proce- 
dures to deal with errors in the 
database, and researchers them- 
selves have created secondary 
databases that improve on what 
GenBank has to offer. “That we 
would wholesale start changing 


are 


people’s records goes against our 
idea of an archive.” says David 
Lipman, director of the National 
Center for Biotechnology Infor- 


‘mation (NCBI), GenBank's home in Bethesda, 
Maryland. “It would be chaos. 

The standoffover the quality of GenBank’ 
data is in part a product of the database's suc- 
and the issues are only going to get 
more intense. Researchers have been con- 
tributing genes, gene fragments, even whole 
genomes to GenBank since 1982, making itan 
incredibly valuable resource for many thou- 
sands of investigators worldwide. Tod: 


18 months, thanks in part to cheaper, faster 
sequencing technologies and a rise in “envi- 
ronmental” sequencing: mass sequencing of 
all the DNA in soil, skin, or other samples, 

From early on, researchers recognized that 
errors would be inevitable (Science, 1S Octo- 
ber 1999, p.447), and although GenBank runs 
ntrol checks on incoming 
sequences, it cannot catch many mistakes 
GenBank has just one mycologist on staf, for 
example, but 150,000 fungal sequences were 
deposited this past year, “That's not something 
thata single person ean curate,” says Lipman, 

GenBank’s ereators consider the database a 
“library”of sequence recor that, like books or 
journal articles, belong tothe authors and there- 
fore can be changed only by the submitters of 
that data. A note indicates when a record has 
‘been updated and points to the archived origi- 
nal, Stephen O’Brien, who does comparative 
genomics at the National Cancer Institute in 
Frederick, Maryland, argues that author privi- 
lege isnecessary. “One ofthe GenBank 
isso doggone useful and comprehensive is that 
nobody edits or micromanages it except the 
authors.” he says. “This makes for downstream 
errors but almost universal buy-in.” 

Lipman says authors do take the time to 
‘make corrections. GenBank gets about 30 such 
messages a day, he points out. But others dis- 
ing case after case in which problems 
jt fixed. Often the submitters have 
moved on to other projectsand never get around 
to moking the changes, says Steven Salzbens. 
bioinformaticist at the University of Maryland, 
College Park. And. he adds, the big sequencing 
which churn out genome after 
genome with preliminary annotation—are the 
‘worstoffenders: “They won'tlet anybody touch 
GenBank sequences, and they won't 
it for whatever reason.” 
points out that other researchers, 
improve on GenBank’ data in a variety > 


some quali 


centers: 


wunwesciencemag.org, 


; 
i 
g 
8 
8 
: 
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of ways. NCBI, for example, curates 
nes, along with other 
and RNA sequences, and puts them in a 
database called RefSeq that is updated as 
new information about these seq 


ences 


comes along. And researchers focused on 
parti 


lar groups of ory 
ondary 


nisms have set up 


their own se bases, such as 
FlyBase for the fruit fly genomes and 
TAIR for Arabidopsis, that offer cleaned-up 


GenBank data, along with other genomic 


information and tools for analyzing them. 
And, Lipman notes, NCBI even offers.a way 


ANTHROPOLOGY 


for researchersto do thind-p 
But it’s not the third-party annotation 
scheme the mycologists want. 

For starters, GenBank has set a high bar 
for accepting cha 
backed by a publication, Anno 
cerning a gene’s function, for example 

ta about 


ty annotation. 


es: Entries must be 


tions con- 


require published experimental 
that gene’s protein or a related one. This dis- 


se 


timate improvements, says 


Carol Bult, a geneticist at the Jackson Labo- 


ratory in Bar Harbor, Maine, because often a 


proposed correction doesn’t justify an entire 


publication, Furthermore, an indication that 
addin 
in the original sequence record, 

Although he’s adamant that NCBI is not 
wikify” GenBank, Lipman says he’s 
to work with mycol 
with a solution, possibly through RefSeq. 
Salzberg thinks NCBI will eventually come up 
with a way to maintain GenBank as an archive 
while allowing greater community involve~ 
ment in annotation, “I think it will be solved 
eventually." he says. “But it not clear how it 
will be solved” ELIZABETH PENNISI 


annotation exists is deeply buried 


ts to come up 


Millennium Ancestor Gets Its Walking Papers 


in 2000, thes 
pwn as the Millennium 


year-old fossil ki 
Ancestor has been in a sort of scientific p 


tory, with researchers disagreeing about its 


ide! of the earliest ancestors of 


ity as on 
humans or other apes. Now, an independent 
team analysis of this primate'sthighbones on 
page 1662 concludes that its species, Orrorin 


tugenensis, was indeed an early ancestor of 


humans. But it challenges a controversial pro- 
posal that Orrorin 
Homo. ditectly 

The new study confirms that Orrorin 
walked upright—a defining characteristic of 
being a hominin, the primate group that 
includes humans and our ancestors but not 
‘The da 
confirming evidence that it was bipedal about 
6 million y 
paleoanthropol 


ave rise to our 


other apes. provide really strong 


<ars ago, which reinforces its status 
thor Brian Richmo 


University in Wash 

Richmond got permission to measure 
O. tugenensis in 2003, 3 years after the fos- 
sils were discovered in the Tagen Hills of 
Kenya by Martin Pickford of the Colle; 
France and Brigitte Senut of the Muséum 
National d'Histoire Naturelle in Paris and 
their co-workers. The pair proposed that it 
\was a hominid based on features in the teeth 
and the upper thighbone, or femur. But that 
bone is incomplete, and many researchers 
had reservations about Pickford and Senut’s 
analysis (Science, 24 September 2004. 
P. 
the pair's permits to work in the Tu 


de 


5) and about controversy surrounding 
n Hills 


Walking the walk. new study says the primate Orrorin realy did th 


walk upright in Kenya 6 million years ago. 


(Science, 13 April 2001, p. 198), 

Richmond took eight m 
- Which has been stored in a bank vault 
calipers while a burly body- 
uard watched. He plugged these measure- 
nts into standard statistical analyses that 


casurements of the 


calculated the size and shape of the bone 
and compared them with those from about 
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300 thighbones from g 


apes 

and fossil and modern humans, 
The analysis suggests that 

Orrorin is most closely related to 


stralopithecines, a diverse 


oup of hominids that arose 
about 4 million years ago in 
Africa, That's in contrast to 
jckford and Senut’s proposal that 


it was a direct ancestor of our 
genus, which would h 


ve pushed 


australopithecines off the line to 
modern humans. “Frankly. L was 
surprised to see how similar it was 
to australopitheci 
as old” says Richmond. The 
new analysis “goes a lor 


s, since it was, 
twic 


x way 
toward resolving the mystery of 
Orrorin.” says paleoanthropolo: 
gist Henry McHenry of the Uni- 
versity of California, Davis, “Few 
of us agreed that Orrorin gave rise 
to Homo [directly]. ... This study 
helps lay that hypothesis to rest. 


Richmond's analysis shows 
the femur was adapted for 
upright walking, and he pro- 
poses that this set of adaptations 


persisted fro 
minor chan 


n Orrorin’s time with only 


s through all the australop- 


ithecines, until early Homo evolved a new 


hip and thigh conf 
mechanics of walkin, 
darn similar from 6 million y 
lion years says William Jun 
Stony Brook University in New York, > 


uration, “The overall 
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Richmond's former thesis adviser. 

Pickford and Senut say they are glad to 
see confirmation of their proposal that 
Orrorin walked upright. But they still 
argue that other features not included in 
Richmond's analysis, such as the tilt of the 
bony head of the femur and a bump called 
the lesser trochanter, link it more closely to 
Homo than australopithecines, 
rchers say the ne 
nvincing evidenc 


Many resei 
the “most c 


w analysis is 
* so far that 


PEER REVIEW 


Orrorin walked upright, but they are more 
skeptical that early hominins had a single type 
of upright walking. “The situation was much 
more complex,” says anatomist Christopher 
Ruff of Johns Hopkins University in Bati- 
more, Maryland. To resolve this debate, says 
anatomist Owen Lovejoy of Kent State Uni- 
versity in Ohio, researchers should also look 
at the pelvis, back, foot, and ankle of other 
ily hominins, still under analysis. 

~ANN GIBBONS 


Pfizer Denied Access to Journals’ Files 


‘A federal judge in Chicago last week denied a 
company’s efforts to obtain confidential peer~ 
review documents about arthritis drugs it 
‘manufactured, The company, Pfizer, sued for 
files from three major medical journals. t lost 
against two in Mlinois and is waiting for a 
decision in Massachusetts on the third. 
Prizer's actions stem 
from a lawsuit in which 
the company was sued by 
patients who took the 
drugs Bextra and Cele 
brex, which have been 
linked to serious side 
effects. In January, Pfizer 
filed a motion in Massa- 
chusetts to force the New 
England Journal of Medi- 
cine (NEJM) to comply 
with subpoenas for peet= 
review documents from 
11 studies the journal had 
published on the drugs. 
Pfizer also sued in Mlinois 


ability to“ properly discharge their m 
advance the betterment of public healt 
The U.S. court in Chicago agreed with 
DeAngelis. “Although her statements are 
quite dramatic, it is not unreasonable to 
believe that compelling production of peer 
review documents would compromise the 
process.” wrote Judge 
Arlander Keys. The court 
Iso found that Pfizer had 
not adequately explained 
hhow unpublished informa- 
on could help it defend 
itself. Keys's conclusion: 
“Whatever probative value 
the subpoenaed doc 
ments and information 
may have is outweighed by 
the burden and harm” to 


sion to 


“We're delighted.” says 
DeAngelis. “If you inter- 
feere with the process and 
the confidentialit 


you 


to get peer reviews from t might as well pack it up 
the Journal of the Ameri- _-_ and go home.” 

can Medical Association Gatekeeper, WHA Editor-in-Chief Catherine A handfil of such cases 
(JAMA) and the Archives DeAngelis convinced 3 U.S. judge that peer have come up before, such 
of Internal Medicine, — review must remain confidential as a 1994 subpoena of 


which together had also 
published 11 studies on the drugs. Pfizer said 
data from accepted and rejected studies could 
be usefil for its defense, 
Attorneys for the three journals angued 
that releasing confidential reviews would 
J compratnite the mnonymity of pret review 
3 [The outgoing editor-in-chief of Science. 
§ Donald Kennedy, filed an affidavit support- 
ing NEJAPs position (Science, 22 February, 
3 p. 1009)). In an affidavit, JAMA Editor-in- 
Chief Catherine DeAngelis argued that if the 
4 coups olay aloned ser aaipoesa 
§ could result ina “severe decline” in the num 
8 ber of peer reviewers and affect the journals’ 


NEJMsecking peer-review 
comments as part of breast-implant litigation. 
Journals have usually prevailed. but the judy 
in each case must weigh the arguments anew, 
notes Debra Parrish, an attorney in Pitts 
burgh, Pennsylvania, who specializes in sc 
ence law. The JAMA decision “is important; 
she says. 

The NEJM case appears to be winding 
down as well: At a hearing last week. Pfizer 
narrowed its request to the peer-review com- 
ments returned to authors, according to 
NEJM's Boston attorney, Paul Shaw. He 
expects a decision within days. 

JOCELYN KAISER 
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Budget Blueprint Boosts Science 


They aren't binding, but the 2009 budget 
resolutions passed last week by each house of 
Congress would provide sizable increases for 
U.S. research agencies. The Senate's version 
‘would add $3 billion, oF 10.3%, to President 
George W. Bush’s request fora flat budget at 
the National Institutes of Health (NIH). That 
amount includes a $2.1 billion boost added 
during floor debate by the chair and ranking 
member of the spending panel that sets NIH's 
budget. “We still have a long way to go on this, 
but they're positive signs of support,” says Dave 
‘Moore of the Association of American Medical 
Colleges in Washington, D.C. The House version 
added no additional funding for NIH. Both 
House and Senate budget resolutions endorsed 
the president's request for big hikes at the 
National Science Foundation and the Depart: 
iment of Energy's Office of Science. But getting 
the additional money willbe difficult, because 
the White House has said Bush would veto any 
bill that exceeds his request, ~JOCELYN KAISER 


Paging Dr. Planck 


Germany's famed Max Planck Society wil for 
the first time lend its name to doctoral degrees. 
Ian agreement announced last week, the soc: 
ety and Johannes Gutenberg University in 
‘Mainz will form a cooperation that oversees the 
granting of degrees for students atthe Inter 
national Max Planck Research School for Polymer 
‘Materials in Mainz. This arrangement breaks 
with tradition in Germany, where only univers 
ties ae allowed to grant doctorate degrees; the 
4000 students who work at Max Planck Insti 
tutes have had to receive their deorees from 
cooperating schools. In Mainz, a new Max 
Planck Graduate Center will select students, set 
degree requirements, and allow Max Planck 
researchers to join dissertation panels. Officials 
thope the arrangement will be & model for other 
‘Max Planck Research Schools. 

“GRETCHEN VOGEL 


Taxonomy Sinking Down Under 


Australia’s taxonomists are going extinct, says, 
a report released this week by the Federation 
‘of Australian Scientific and Technological 
Societies. For every taxonomist joining the 
150-person work force in universities, muse: 
‘um, and herbaria, four are leaving the profes 
sion, and many aren't being replaced, accord 
ing to the report, which urges the government 
to fund new positions. Andrew Austin, director 
of Adelaide University’s Australian Centre for 
Evolutionary Biology and Biodiversity, says the 
‘rend is bad news for conservation, biosecurity, 
and agriculture. CHERYL JONES 
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AIR-QUALITY STANDARDS 


EPA Adjusts a Smog Standard to 
White House Preference 


In December 2005, Stephen Johnson dunked 
himsetf'in hot water. Johnson, the administra- 
tor of the U.S. Environmental Protection 
Agency (EPA), decided to diseard advice from 
a scientific advisory committee when he set 
major air-quality standard for soot. Scientists 
and environmental groups were outraged 
(Science, 6 January 2006, p. 27). Last week, 
Johnson did itagain with ozone, the main com- 
ponent of'smog. And this time, the hand of the 
‘White House was plain to see. The Administra- 
tion is “flouting the law” by not protecting pub- 
lic health adequately, siysepidemiologist Lynn 
Goldman of Johns Hopkins University 
Bloomberg School of Public Health in Balti- 
more, Maryland, who was assistant adminis- 
trator forthe EPA Office of Prevention, Pesti- 


BIOMEDICAL PATENTS 


cides, and Toxic Substances during the Clinton 
Administration. “I's 

The Clean Air Act requires EPA to review 
the standards for six major pollutants, includ- 
ing soot, also known as particulate matter, and 
ozone, every 5 years. The agency last did this 
forozone in 1997, sothe American Lung Asso- 
ition (ALA) and other groups sued and won 
deadline of 12 March for the agency to issue 
anew standard. These standards influence the 
regulation of power plants, vehicles, and other 
sources of the chemicals that react with sun- 
light to become ezone. 

The lobbying leading up to the decision ws 
heavy. Industry groups told Johnson to leave 
the primary azone standard, which is designed 
toprotect public health with a mangin of safety 


Wisconsin Stem Cell Patents Upheld 


Scientists are still grumbling about the Wis- 
consin Alumni Research Foundation’s grip 
‘on stem cell patents —a hold strengthened by 
rulings this and last month affirming WARF's 
patents on primate and human embryonic 
stem (ES) cells. But there is a widespread 
feeling that challenges to WARF'S patents 
‘and continuing public pressure have had a 
desirable effect. “I think [WARF has] been 
moving toward what I would consider to be a 
more reasonable policy” with regard to gi 
ing scientists access to the cells, says bivethi- 
cist LeRoy Walters of Georgetown University 
in Washington, D.C. 

WARE, affiliated with the University of 
~onsin, Madison, holds three patents aris 


y 
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ing from work done in the 1990s by Wiscon- 
sin researcher James Thomson. On 25 Febru- 
ary, the US. Patent and Trademark Office 
(PTO) upheld 2 2006 patent that describes a 
method for cultivating pluripotent cells, Then 
‘on 10 March, it upheld patents, granted in 
1998 and 2001, on nonhuman primate and 
human ES cells, which apply to all such cells 
regardless of how they are derived. 

Two citizens’ groups first challenged 
WARF'S patents in October 2006, claiming 
that the method for deriving the cells was 
“obvious” and could have been successfully 
applied by anyone equipped with the neces- 
sary resources. Last April, PTO agreed to 
reexamine them (Science. 13 April 2007. 


‘Smog. EPA tightened its health standard but less 
than its science advisers urged. 


for sensitive groups such as asthmatic: 
children, at 80 parts per billion (ppb). ALA and 
other groups, including EPA’s Children’s 
Health Protection Advisory Committee, 
pushed for a standard of 60 ppb. And EPA's 
Clea tific Advisory Committee 
(CASAC) unanimously recommended thatthe 
standard not exceed 70 ppb, citing “over- 
whelming scientific evidence.” 

On 12 March, Johnson announced that he 
“carefully considered” the scientific 
advice but was tightening the primary standard 
to just 75 ppb. “I followed my obligations; [1] 
adhered to the law, [and] I adhered to the sci- 
"he said during a telephone press confer- 
ence. Afier comparing models of exposure and 
analysis of uncertainty by EPA staff’ scientiss, 
mn netesin the final rule that “there is not 
ble difference, from a public health 
perspective,” between 70 and 75 ppb, Public 
bealth advocates disagree, citing an analysis in 
‘which EPA concluded that 70 ppb would mean 
780 fewer deaths a year, 280 fewer heart 
attacks, and 720 fewer visits to emergency 
rooms for asthma attacks, 

Johnson veered from his scientific advisers 
again when he tightened the secondary stan- 
dard. This standard is intended to protect 
“human welfare.” a broadly defined phrase in 
the Clean Air Act that includes effets on soil, 
vegetation, visibility, and property. The see- 
‘ondary and primary standard for ozone have 
been measured in the same way—a daily 
S-houraverage—and seta the sime levels, but 
CASAC recommended that EPA change the 


p. 182), In its final decision, PTO rejected 
the challengers’ arguments, saying that “{{}n 
view of the unpredictability” associated with 
both the isolation and long-term sustainability 
of primate ES cells, “the present claims are 
not obvious...” 

WARF Managing Director Carl 
Gulbrandsen, who had predicted a “tough 
fight,” proclaimed WARF to by rt= 
ened that ... the patent office reached the 
correct conclusion.” 

During the course of the patent exami 
tion, WARF eased up on proprietary claims: It 
no longer demands licensing fees fiom com- 
panies that do university-based research with 
its cells: and it narrowed its claims to apply 
only to ES cells derived from fertilized 
embryos and not pluripotent cells from other 
sources, such as clones or the newly devel- & 
‘oped induced pluripotent stem (iPS) 


www.sciencemag.org 


method of measurement to better protect 
trees, crops, and other vegetation from the 
cumulative damage of exposure to ozone 
throughout the growing season. In EPA prelim- 
inary rule, released for public comment last year, 
theagency agreed. although it preferred a stan- 
dard of 21 parts-per-million hours (hourly con- 
centrations summed over 3 consecutive 
months) rather than the 13 ppm-hours that 
CASAC recommended, 

Less than a week 
before the final rule 
was due, EPA received 
a memo from the 
White House, which is 
now part of the public 
record of the regula- 
tion, Susan Dudley, 
who heads regula- 
tory affairs at the 
White House's Office 
‘of Management and 
Budget, objected to 
changing the method 
of measurement for 
the secondary stan- 
dard, She argued that EPA had focused exchi- 
sively on vegetation and ignored other impacts, 
suchasthose on “economic values.” EPA appar- 


cenily interpreted this as Dudley asking EPA 1 
consider the economic costs of changing the 
standard, which by law it cannot do. I 
the 


memo 
extaay, EPA Deputy Administrator Marcus 
acock defended the agency's position. 

Shortly before the press conference 
announcing the final ruling, however, EPA 
received another memo from Dudley saying 
that President George W. Bush had sided with 


“These aetions mean that despite the PTO ru 
ing, “Wwe think we'vealready won a major vic~ 
tory with these patent challenges,” says John 
Simpson of the Foundation for Taxpayer and 

§ Consumer Rights in Santa Monica, Cali 
nia, the “requestor” in the dispute. 

Nonetheless the groups plan to appeal the 
decision on the one patent that can be 

: ‘appealed under PTO rules. “Frankly, I don’t 
trust them to behave well unless we keep up 
the pressure,” says stem cell researcher Jeanne 
Loring of the Seripps Research Institute in 

§ San Diego. California, who supports the 
patent challenge. 

Harvard University stem cell researcher 

¢ Chad Cowan agrees with others that the case 
has “caused WARF to finally wake up to the 
fact that they needed to be lot more engag- 
ing with academic scientists.” But Cowan 

& still thinks the patents area drag on the field. 


Exposed. Critics say EPA's standard won't adequately 
protect plants, such as this maple, from ozone. 


her. This memo had not yet been placed in the 
public docket by press time, but Science 
‘obtained a copy from a public advocacy group 
in Washington, D.C. E 
the press conference for S hours while they 
rewrote the rule, keeping the measurement 
method and level of the secondary standard 
equivalent to the new primary standard. 
AC member Richard Poirot of the 
mont Department of 
Environmental Con- 
servation’s Air Pollu- 
tion Control Division 
in Waterbury suggests 
that “the White House 
was concerned about 
the dangerous prece- 
dent of having any 
environmentally 
focused secondary 
standard at all” 
During the press 
conference, Johnson 
also announced that 
he plans to ask Con- 
kfess to amend the 
(Clean Air Act. Among the changes he sketched 
briefly, Johnson would like EPA to be able to 
onsider costs and feasibility of implementa- 
on when it sets air standards. In a statement, 
ALA called those ideas “completely unaccept- 
able.” It’s unlikely that the Demoerat- 
controlled Congress would make such 
changes, Meanwhile, Henry Waxman 
(D-CA), chair of the House Oversight and 
Government Reform Committee, plans to hok 
at hearing on the ozone standard on 10 April 
Expectmorehot water. ERIK STOKSTAD 


The recent early successes with iPS cells, 
which can be grown without the use of eggs 
‘or embryos (Science, | February. p, 560), 
will only intensify the interest in ES research, 
he says. ES cells are still needed to validate 
iPS cells, and even if iPS cells prove viable 
substitutes for ES cells in research, some 
tentists believe they will never be suitable for 
cell therapy. 

Alan Trounson, president of the California 
Institute for Regenerative Medicine in San 
Francisco, stys his biggest concern is down 
the road, because “the patents could delay 
developments” of therapies with ES cells, He 
says it would be bad for everyone if biotech 
‘company gota monopoly on certain therapies. 

Meanwhile, as iPS patent applications 
flood into PTO, future patent issues will no 
doubt become even more complicated. 

CONSTANCE HOLDEN, 


EPA Panels Under Scrutiny 


A congressional oversight committee is inves: 
tigating how the U.S. Environmental Protec 
tion Agency (EPA) manages potential conflicts 
of interest among scientists who review its 
health assessments. 

The inquiry stems from the August 2007 dis 
imisal of Deborah Rice,  toxcologist wth the 
state of Maine, as chair of a panel reviewing an 
EPA health assessment of decabromodiphenyt 
ether, a flame retardant used in computers, 
upholstery, and other products, The American 
‘Chemistry Council, an industry group, had com 
plained of an “appearance ofa lack of impar: 
tialty” because Rice had testified to Maine law 
makers in February 2007 that they should 
restrict use of the chemical, which has been 
Found in breast milk. The agency removed her 
comments and plans to release the assessment 
28 March, Last week, the House Energy and 
Commerce Committee asked EPA for documents 
felating to Rice's dismissal. Ina statement, Rep 
resentative Bat Stupak (O-MI), who chairs the 
‘oversight subcommittee, said the matter “raises 
setious concerns about EPA's scientific integrity.” 

Democrats also worry about direct corpo- 
rate influence in the agency’s review panels. 
The committee asked EPA for ecords on nine 
scientists on current or past review panels who 
either work for companies or have received 
money from them, ERIK STOKSTAD 


New Ag Fund 

Ina country famous for having more sheep 
than people, New Zealand's agricultural 
researchers are celebrating an unprecedented 
‘budget boost. Last week, the country’s prime 
minister promised to create an $875 million 
fund for agricultural research that would grow 
10 52.5 billion by 2023, paying for science with 
the interest from the fund, which could double 
ag research’s $100 million annual budget. 

The goverment has not decided how to 
divide the new pie, which wil be the focus of 
heated debate. Industry researchers note that 
fish and farm products are the country's major 
‘exports, but some scientists argue that New 
Zealand should start weaning itself of farm. 
exports. “Converting most of our forest into 
‘greenhouse gas has given us an abundance of 
{9ra5s and a thriving dairy industry,” says physi 
cist Paul Callaghan of the MacDiarmid Institute 
for Advanced Materials and Nanotechnology in 
Wellington, but climate change and higher 
energy costs darken that sector's economic out 
look. “Until we expand our high-technology 
businesses, we will continue to drift down the 
[international] rankings of prosperity.” 

“JOHN BOHANNON. 
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ECOLOGY 


Showdown Looms Over a Biological Treasure Trove 


BEIJING—Can rubber plantations and tropical 
rainforest coexist? How about hydropower 
dams and a mountain-ringed refuge for 
golden monkeys, gibbons, and half of the 
rhododendron species on Earth’? In impov- 
rished Yunnan Province in southwestern 
China, a confrontation is brewing between 
onomic growth and habitat preservation 
and authorities are sending mixed signals 
about their intentions 

Conservation got a boost at 
a conference in Kunming last 
‘month ind on the sidelines of a 
major political zathe! 
Beijing last week, when Yun- 
nan Governor Qin Guangrong 
unveiled a $986 million, 3-year 
initiative to protect biodiver- 
sity in the province's north- 
West. But also last month, 
according to news accounts, 
work quietly commenced on a 
controversial series of hydro- 
‘electric dams on the Nu River, 

The ecological situation 
may be even more precarious in 
southern Yunnan's Xishuang 
hanna region, There, two-thirds 
‘of a unique rainforest has been 
lost over the past 30 years 
Jangely to rubber plantations, 
two new studies report. Yet last week, 
Xishuanghanna’s top official vowed to expand 
his region’s rubber industry 

To ecologists, the northwest in 
be the bright spot in an otherwise grim pic- 
ture: It would protect biodiversity in an 
80,000-square-kilometer area fed by three 
rivers—Nu (Salween), Lancang (Mekong). 
andl Jinsha—that wend through deep gonges, 
creating a patchwork of ecosystems. The 
Three Parallel Rivers area amounts to 1% of 
China's territory but has a third of the coun- 
trys native species, including three kinds of 
gibbons found nowhere else in the world 
Although the region boasts three national 
nature reserves, logging on unprotected land is 
rampant. “The destruction of forest even on 
the edges ofthe nature reserves hasbeen going 
‘on for a long time.” says Sun Wei-Bang, exec 
utive director of Kunming Botanical Garden. 


Although details are sketchy, the biodiver- 
sity initiative plans to expand nature reserves 


in northwestern Yunnan, reforest degraded 
Jand, and fund research on energy and envi- 
ronmental protection. It will also provide 
unspecified compensation to villagers and 
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businesses affected by natural-resource 
extraction. The two main industries in north- 
‘western Yunnan are mining and hydropower. 
“We must strike a balance between envi- 
ronmental protection and the need for deve 
opment.” Qin told China Daily last week. 
“Restricting development is not a solution.” 
Some observers speculate that the Yunnan 
initiative is designed to appease critics of the 


‘Awaiting its fate. The Nu River, which wends through diverse ecosystems in southern 
CChina, is being considered for a massive dam-building program. 


Nu River hydropower project. In 2003, a con- 
sortium led by China Huadian Corp..aholding 
company that manages several regional utili- 
ties, proposed erecting 13 damsonthe Nu with 
combined capacity of 20,000 megawatts; the 
current plan is not publicly available, A chief 
‘argument of critics is that as reservoirs behind 
the dams fill up, flooding and landslides would 
{imperil habitats. Tens of thousands of people 
‘would be relocated. 

Four years ago. in a decree that delighted 
conservationists. Premier Wen Jiabao sus- 
pended the dam project pending an environ 
mental review. The review was carried out bya 
researcharm of China Guodian Corp.,.another 
power holding company. But the report isclas- 
sified asa state secret. It's unclear whether the 
central government has given a green light to 
recentresettlementandearthmoving atthe site 
for the planned Liuku dam, described in local 
news accounts last month. 

In southem Yunnan, meanwhile, a unique 


tropical seasonal rainforest is under siege. 
The Xishuangbanna re counties 
that border Myam isa few 
degrees cooler and has less rainfall, on aver 


age, than Southeast Asia. A dense fog during 
the dry season keeps vulnerable dipterocarps 
and other trees on life support. Tropical sea- 
sonal rainforest covered 10.9% of Xishuang- 
‘hanna in 1976, By 2003, according to satellite 
coverage had eroded to 3.6%, repre: 
loss of nearly 140,000 hectares, 
ecologist Ma Youxin of Xishuangbanna Trop- 
ical Botanical Garden (XTBG) in Kunming 
and colleagues report in the 
20 February issue of Forest 
Ecology and Management. 
XTBG ecologist Zhu Hua, in 
an article last week in the debut 
issue of the online journal 
Tropical Conservation Sei- 
cence, lays the blame squarely 
‘on the rubber industry. Its not 
just a matter of plantations raz~ 
r : Rubber trees are 
also invading intact forest. “In 
Xishuangbanna, the area suit- 
able for rubber to grow is 
tly the area that’s suitable 
for tropical forest.” says Zhu. 
The only way to save the 
rainforest isto limit new rubber 
plantations to land now used 
for other crops. says Ma. 
‘ve recommended to the 


ere 


Wi 
Jocal government not to allow 
farmers to convert rainforest to plantations,” 
he says. That may bea hard sell, Last week, the 
Communist Party secretary of Xishuang- 
hbanna, Jiang Pusheng, tod Hinman Info Daily 
that rubber plantations on his turf covered 
23.9 million hectares by the end of 2007, 
“Xishuangbanna will continue to spare no 
effort to develop its rubber industry.” he said, 
Nevertheless, local authorities have asked 
XTBG to draft a plan that would help rein in 
rubber-plantation expansion, Mat says, 

Four decades ago, the central government 
began pushing rubber as a way to help pull 
Yunnan’s ethnic melting pot out of pover 
That strategy has largely backfired, as many 
plantations are now run by people from out- 
side Yunnan, says Zhu: “Most of the money 
just leaves the province,” An alternative cash 
crop touted by scientists—teak and other 
expensive hardwoods—has flopped. “The 
teak just gets cut down and replaced by rub- 
ber.” Zhu says. 

Fora region that prides itself on its biolog- 
ical riches, the losses are mounting 

“RICHARD STONE 


With reporting by Hao Xin 
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U.S. MATH EDUCATION 


Expert Panel Lays Out the Path to 
Algebra—and Why It Matters 


The voya s. 12 public 
meetin) mails. But Larry 
Faulkner, a chemist and former president of 
the University of Texas, Austin, has sticcess- 
fully steered the National Mathematics 
Advisory Panel through some of the rough- 
est waters in U.S. education, The result, out 
last week, isa 120-page report on the impor- 
tance of preparing students for algebra, nor- 
mally taught in the eighth and ninth 


The report (www.ed.gov/mathpanel) 
lunges educators to keep it simple: Define a 
few key topics and teach them until students 
master them, Along the way, it says, studemts 
should memorize basic a 


ic fvets and 
spend more time on fractions and their mean- 
ing, How teachers achieve those goalsis up to 
them, Faulkner says, advice that allowed the 
panel to avoid taking sides in a 


de-long debate about the appropriate 
nee between drilling students on the 
material and making su 
‘what they are doing, 

The 19-member panel was supposed to 
rely on sound science in itsadviceto US. Sec- 
retary of Education Margaret Spellings, but 
only a relative handful of the 16.000 studies it 
examined turned out to be useful. The vast 
majority, says Faulkner, were of insufficient 


¢ they understand 


quality, too narrow in scope, or lacked conchi- 
sive findings. The literature is especially thin 
«on how to train teachers and how good teach- 


ers help students learn, 

Spellings has promised to hold a national 
summit this year on implementing the panel's 
45 recommendations. But the primacy of 
local control over education could make the 
feder 
than a participant. 

Faulkner, whose day job is president of the 
Houston Endowment, a Texas philanthropy. 
spoke with Science on 13 March, the day the 
report was released. 


overnment more of a cheerleader 


; JEFFREY MERVIS 
i Q: The report notes that U.S. elementary stu- 


dents do okay on international math tests and 

J that the falloff begins at the end of middle 
school and accelerates into high school, So why 

3 focus on K-8 math? 

§ Lé:Youcanalso argue that the falloff reflects 

§ the inability of students to handle algebra. If 


you look at success rates in algebra or 

proficiency i ic concepts, there's 
mple evidence that students are not suc- 

ceeding, and our charge is to increase the 


likelihood that they will succeed. 


Q: Why do so many students have trouble 
with fractions? 

LR: Fractions have been downplayed. Theres 
been a tendency in recent decades to regard 
fractions to be operationally less important 
than numbers bec: 


thing in decimals or in spre: 
important to have an instinctual sense of what 
athind of a pie is, or what 20% of somethingis 
and the ratio of numbers involved 


to under 
and what happens as you manipulate it, 


: How could schools lose sight of that? 
LR: Well, they did 


: Was the panel disappointed by the overall 
quality of the existing research? 

LF: think quality is an issue, but that’s not 
all there is. Some of what we examined was 
topically irrelevant, or the studies were not 
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neralizable. Some high- 
quality studies were so narrowly 
defined that they don’t tell 


you much about what goes 
on in the classroom, 
Temay have to do with what 


the researchers could do with 
the money available. So we 

want to be carefil about throw- 

ing rocks at peopl. ... We goto great 
lengths to point out that we think the 
nation requires a balanced program that 


includes what I would call smaller scale, 
pilot-oriented research as well as larger scale 
investigations that are more anal 
ical trials in medicine, We found a serious 
lack of studies with adequate scale and design 
fh conclusions about their appli- 
ability for implementation, 


Q: Should the government be spending more 
‘money on this research? 

LF: Education research covers a lot of terri- 
tory, so We don’t really know. ... When 1 
briefed the science adviser, Jack Marburger 
lay, I said maybe his office should be 
thinking about it, He just nodded. We think 
es the attention of the 


federal government. It probably means bigger 
‘grants, Ifyou want to get the value, you prob 
ably need to pay for it. 


Q: Were you surprised by the dearth of good 
data on professional development programs? 

Lf: There’s tremendous variation in in- 
service programs. And the evidence is that 
many are not very effective. ... I think dis- 
tricts should be very careful. Large amounts 
of money are being spent inthis 
sed, 


rea, and seri= 


‘ous questions should be r 


Q: What's the panel's view on calculators? 
LF: We feel strongly that they should not get 
in the way of acquiring automaticity [memo- 


jon of basic facts]. But the larger issue is 
ffectiveness of pedagogical software, At 
this stage, there's no evidence of substantial 
benefit or damage, but we wouldn't rule out 
products that could show a benefit. Ifa prod- 
uct could be demonstrated to be effective ona 
sizable scale under various conditions, the 
pane! would be interested. 


Q: What message should the next president 
take from this report? 

LF: The most important thing is that success 
in math is not just about a schoo! subject. I's 
about the real opportunities it creates for peo 
ple and for the well-being and safety of soci- 
ety. 1¢S important that we succeed to a better 
level than we do now. 
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Driven to Extinction 


Rinderpest, an animal disease that devastated cattle and other animals— 
and their human keepers—across Eurasia and Africa for millennia, may 
join smallpox as the only viral diseases to have been eradicated 


For just the second time in history, seien- 


tists are on the cusp of declari 
devastating infectious viral disease has 
been wiped off the face of the planet. The 


first was smallpox, officially vanquished in 


1979, This time it is rinderpest, an animal 
disease that has plagued cattle and related 
and their human keepers 
for millennia, 

“Ther 
rinderpest has been eradicated,” declares 
Peter Roeder. a veterinarian associated 
with a global rinderpest-eradication pro- 
gram from its inception in 1993 until he 


e is growing confidence that 


retired last year. A disease once endemic 
throughout Eurasia and Africa has almost 
certainly been eradicated save for the 
Somali pastoral ecosystem that straddles 
the borders of Kenya, Somalia, and 
Ethiopia. And the latest field-surveillance 
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results, now being reviewed by experts, 


suggest the virus is gone from there as well 
If the absence of rinderpest can be 
confirmed, “it would be a remarkable 
ary profes 


ed, 


achievement for the vete 


sion, probably the most s 
achievement in its history.” says Roeder. 
“Rinderpest is such a nasty disease, its 
eradication would be a huge step forward 
particularly for the underdeveloped 
world,” seconds Tim Leyland, a vet now 
with the United Kingdom's Department 
for International Development. 

But nobody is yet declarin 
earlier rinderpest-eradicati 
ended prematurely, and the disease came 
sack. This time. Roeder would like 
overnments take the extra steps 


victory. An 


necessary to ensure that the disease is 


gone for good. 
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Anatural calamity 

Rinderpest can be devastating. The 
rinderpest paramyxov eofa 
family of single-stranded RNA viruses. 
(The 
canine distemper and human measles.) It 
attacks the lymph nodes and the epithe- 
lium of the alimentary, respiratory, and 


amily includes the viruses causing 


urogenital tracts and spreads through the 
infected droplets of the breath and exere- 


tions of a sick animal 

Symptoms start with a fever often 
missed by herders and vets, Days later, ani- 
mals stop feeding but become thirsty and 
restless and labor to breathe, Oozi 
appear in the mouths, nasal pass 
urogenital tracts. Diarrhea sets in, followed 
by dehydration and wasting and then death 
6 to 12 days after symptoms appear. Like 


human measles, it is a disease primarily of 
the young: animals that survive an infec- 
tion are immune for life 

Rinderpest epidemics have washed 
across Eurasia since antiquity. typically 
killing 30% of affected herds. Its eatastrophie 


‘Almost normat, with rind 
‘rican hetlens ch 


Jetha 


pray cat 
arasites and disease 


effect on naive herds and wildlife was hor- 
rifically illustrated when cattle shipped 
from India to feed an Italian army carried 
the virus to the horn of Africa in 1889. By 
1897, the virus had reached Cape Town 
South Africa, killing about 90% of the eat- 
tle as well as large proportions of domestic 
sheep and goats in sub-Saharan Africa 
Domesticated oxen died, leaving farmers 
tunable to plow fields 

The virus also decimated wild popula- 
tions of buffalo, giraffe, and wildebeest 
With herding, farming, and huntin 
uone, mass starvation set in. An estim 
one-third of the population of Ethiopii 
two-thirds of the Maasai people of Tanza- 
nia died of starvation. The rinderpe 
zootic also altered the continent's ecologi- 
cal balance by reducing the number of 
grazing animals, which had kept grass- 
lands from turning into the thickets that 
provide breeding grounds for the tsetse fly 
Human sleeping sickness mortality 
surged. The rinderpest epizootic was “the 
greatest natural calamity ever to befall the 
African continent, a calamity which has no 
natural parallel elsewhere,” author John 
Reader wrote in his 1999 book Africa: A 
Biography of the Continent. 


The virus never became established in 
the Americas. In the 1920s, Europe man- 
aged to eradicate rinderpest by controlling 
animal movements and slaughterin 
infected animals. But periodic outbreaks 
continued to afflict much of Asia and sub- 
ran Africa, Wars, which create demand 
for livestock brought in from afar to feed 
troops, and droughts, which bring herders 
to scarce sources of water, often triggered 
rinderpest outbreaks. After rinderpest 
wreaked havoc with food production in 
Asia and Africa following World War II, the 
disease became a pri 
United Nations” a 


vaccine grown in goats became 
the 1950s, And in the 1960s, a British virol- 
t named Walter Plowright developed a 
live attenuated vaccine that became widely 
used in rinderpest 


lication efforts 


Try, try again 
There have been almost as many rinderpest- 
eradication campaigns as 
rinderpest pandemics. One 
effort came close to frei 
of the virus. With 
tional funding, the 
nization of African 
Unity (OAU) launched Joint 
Project 15 (JP15) in 1962. 
2 countries 


was to vaccinate 
all cattle each year for three 


Successive years and th 
after all calves annually 
first, JPIS seemed like a dra- 
matic success. By the mid- 
1970s, rinderpest had disap- 
peared from many 
and outbreaks were local and 
sporadic, But success led to 


At 


‘ountries, 


complacency. Many coun- 
ted or scaled 
back expensive vaccination 
and surveillance programs, 
and in the late 1970s, the dis- 
ease resurged, fanning out 


tries termin 


from two li g foci of 


infection: an area on the 
Mali-Mauritania border in 
west Africa and from south- 
ern Sudan in the east 


In Asia as well, inadequate vacci 
and poor surveillance allowed the virus to 
spread from several pockets of persister 
ly 1980s, rinderpest had recolo- 
h of Asia stretching from 
Turkey to Bangladesh, virtually all of the 


Vanquishing 
rinderpest “would 
be a remarkable 
achievement for 
the veterinary 
profession, probably 
the most significant 
achievement in 
its history.” 

—PETER ROEDER, GREP 
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Middle East, and Africa from Senegal to 
Somalia and Egypt to Tanzania. Losses 
from the second African rinderpest pan- 
demic rivaled those of the first a century 
before. One study estimated 100 million 
cattle died; the economic loss in Nigeria 
alone ran to nearly $2 billion. “JP1S showed 
what you could do with mass vaccination 
campaigns, but without an endgame, pock- 
‘ets were left and it slipped back” into broad 
circulation, says William Taylor, a retired 
veterinary virologist who battled rinderpest 
in several countries in Africa and Asia. 
that,” he adds, 
OAU decided to try to again with the 
Pan-African Rinderpest Campaign, which 
started in 1987 in 34 African nations with 
the goal of ridding the continent of the 
virus. Similar regional campaigns were 
launched in south and west Asia, Yoshihiro 
‘Ozawa, then chief of veterinary services for 
FAO, says that at about that time, it became 
clear that cattle exported from India and 
Pakistan were co ly reseeding the 
rinderpest virus on the Arabian Peninsula, 
indicating “that a global 
campaign should be o 
ized,” To stitch together 
regional and national efforts 
and share expertise, FAO 
initiated the Global Rinder- 
pest Eradication Programme 
(GREP) in 1993, Roeder 
then FAO'S chief of veteri- 
nary servie 


“There was a huge lesson 


. helped estab- 
lish the program and was 
named secretary of GREP in 
2000, The program set the 
ambitious goal of eradicating 
rinderpest by 2004; this 
would be followed by a 
period of intensive surveil- 
lance to confirm that the 
Virus was gone by 2010. 

Once again, the program 
started with mass vaceina- 
tions, But to finish the job, 
“we knew we needed to 
understand the epidemiol 
ical situation, 


Roeder says. 
Traditional epidemiole 
ical investigations were 
augmented by new mole, 
lar and serological tools 
unavailable for previous 
campaigns. Molecular analyses revealed 
that there were three lineages of rinder- 
pest—two in Africa and one in Asia—and 
bled scientists to track outbreak viruses 
to their source reservoir, Tests to detect 
antibodies to the virus helped monitor the 
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veness of vaccination campaigns 


and—more important for the later stages of 
the program 


virus when vaccination 


look for evidence of the 


stopped 


Remaining reservoirs 
Evidence soon pointed to a limited number 
of endemic rinderpest reservoirs, primarily 
in the herds of often-isolated communities 
in Ethiopia, Sudan, Yemen, Pakistan, and 
India, From time to time, the virus would 
spread from these reservoirs into normally 
free areas, Roeder notes that the virus has a 
complicating quirk; It can persist ina mild 
form, producing symptoms missed even by 
experienced vets, but it can quickly turn 
virulent when introduced into a new herd. 
As mass vaccination campaigns drove the 
Virus back to these reservoirs, GREP 
decided to intensify vaccination in those 
foci of infection while stopping it in periph- 
‘nal areas, With proper surveillance, unvac- 
cinated animals could be the sentinels 
warning that the virus was expanding its 
range again, 

Unfortunate! ny of those reservoirs 
were hard to reach, Leyland, who was work- 
ing for the United Nations Children’s Fund 
(UNICEF) in southern Sudan in the early 
1990s, explains that traditional vaceinatios 
campaigns relied on town-based vets or 
internationally staffed mobile veterinary 
clinics to make periodic forays into the 
countryside. “U.N, agencies put fortunes 
into buying Land Roversand Land Cruisers 
to have mobile clinics touri around.” he 
says. But this didn’t work where 
mental vet services had broken down or in 
areas beyond the end of the road. In addi- 
tion, herders often didn’t want to bring their 
animals to vaccination posts “because it 
would put them at risk of being raided 
says Christine Jost, a vet from Tufts Univer- 
sity’s Cummings School of Veterinary 
Medicine in North Grafton, Massachusetts, 
who worked with a rinderpest-eradication 
program in Uganda. 

Asan alternative, Leyland says the pro- 
gram adapted community-based animal 
health approaches previously tried in 
Afghanistan and other places where tradi- 
tional yet services were weak or had been 
disrupted, This included training govern- 
ment vets in afflicted countries in tech- 
niques to get reliable epidemiological 
information directly from livestock farm- 
ers, says Manzoor Hussain, a veterinary 
virologist who worked for the Pakistani 
government and is now a consultant to 
FAO. At first, both government vets and 
farmers were dubious, says Hussain, but it 


Early 1980s, 


Early 1990s 


a 2001 


2007 
(Site under vestigation) 


The last drop. Tom Olaka, a community animal health 
worker from Uganda's Karamajong community, was 
among scores who drove rinderpest toward extinction. 


turned out to be enormously ts 
tracking the disease. 

GREP also enlisted the help of other 
international and government agencies, 
UNICEF's involvement in rinderpest eradi- 
nin Sudan, for instance, was born of 


war had displace 
UNICEF wanted to vaccinate Sudanese 
children against childhood diseases, but 
many families refused. At the time, Leyland 
recalls, herders were losing 80% of their 
calves to rinderpest. Without cattle, there 
was no milk for the children, and the 
herders saw no point in vaccinating starv- 
ing children, “They said, “Bring us cattle 
vaceine first and then we'll let you vacei- 
nate our children,” Leyland says. Because 
international agencies would not send their 
‘workers into conflict zones, UNICEF work- 
ersasked each community to select a trust- 
‘worthy representative for training in vacci- 
nation and other animal health basics. 

The program then got a boost from a 
new vaccine, The effective workhorse vac: 
cine of the 1960s and °70s had one draw- 
back for use in remote areas of Africa: It 
had to be refrigerated up to the point of use, 
In 1990, Jeffrey Mariner, a vet at Tufts Uni- 
versity School of Veterinary Medicine, 
developed an improved freeze-drying 
process that produced a live attenuated v 
cine that retained efficacy at 30°C for at 
least a month, “This simplified the logistics 
and opened up option ination 
says Mariner, now at the International Live: 
stock Research Institute in Nairobi 

By 1992, several labs in Africa were pro- 
ducing the new vaccine. It proved a perfect 
fit for the community animal health system, 
which started vaccinating cattle in conflict- 
ridden south Sudan in 1993, When interna- 
tional organizations pulled their staffs out 
of the path of advancing troops, community 
animal health workers continued to operate. 
Leyland says some would walk 2 oF 3 days 
ach an operating supply post in a s 
area and then walk back, carrying seve 
thousand doses of vaccine in gunnysacks 
periodically soaked so evaporation would 
keep it cool. [twas a dangerous job, 
workers were killed when ca 
the territory of a rival tribe 
Still, “it was a huge! ful program’ 
that contributed to eventually squeezing 
rinderpest out of Sudan, he says. 


cht crossing 
-yland says, 


The endgame 
As rinderpest became increas; 
eradication experts progressively scaled 
back vaceination, “Stopping vace 


scarce, 


ation 


21 MARCH 2008 VOL319 SCIENCE wwwsciencemag.org 


was the hardest thi 


we achieved,” says 
Taylor, then an adviser to the government of 
India, Livestock farmers and local vets 
didn’t want to run the risk of losi 
again, But Taylor and his colle: 
believed vaccination had to cease to deter- 
mine whether the virus was truly gone, as 


antibody tests can’t distinguish a vacei- 
nated animal from one that has survived 
infection. There was also a risk that the 


attenuated virus used in the vaccine might 


regain its virulence, sparking a new rinder- 
pest outbreak. This happened at least once, 
in the Amur Region of Russian Siberia in 
1998. “This outbreak was thousands of 
kilometers from the nearest known source 
of rinderpest virus,” Roeder says. Investi 


tors traced the outbreak to a vace 


derived virus used in a buffer zone along 
the borders with China and Mongolia 

Sri Lanka and Iran reported their last out- 
breaks in 1994, India in 1995, Iraq in 1996, 
Swudi Arabia and Yemen in 1997, and Pak- 
istan in 2000. In Africa, Uganda has app: 
ently been free of rinderpest since 1994 
Ethiopia and Djibouti since 1995, Tanzania 
since 1998, and Sudan since atleast 2001. The 
virus was last detected in 2001 in wild but 
faloes in Meru National Park in Kenya, which 
lies on the edge of the Se 


i ecosystem, the 


putative last remaining reservoir, For several 


years, studies in the region have detected 
antibodies to the rinderpest virus in cattle, 
but Roeder suspects that this comes from 
sampling older cattle still carrying anti 
1m lor 


0 vaccinations. The most recent 


serosurveillance results from late 2007 
“strongly support the view that rinderpest is, 
no longer there,” Roeder says. At this point, 
says Roeder, no one is vaccinating against 
akin 
rinderpest vaceine, although several labs 
and 


rinderpest, and no one is even n 


are keeping stockpiles, 
production could be rapidly 
resumed if necessary. 


One down, others to go? 
With the end of rinderpest in 
sight, experts are pondering 
the lessons for other animal 
health issties. Taylor says that 
in many ways. rinderpest was 
“a doable target” beca 
virus was well-understood. 
ood vaccines existed, and 


se the 


herders, animal health experts, and donors, 
alike agreed on the benefits of a concerted 
eradication effort. 

Other ibly 
could be eradicated include foot-and- 


mal diseases that cone 


mouth disease and peste des petits rumi- 


“Bring us cattle 
vaccine first and 
then we'll let 
you vaccinate 
our children.” 


—TIM LEYLAND ON HERDERS’ 
VIEW OF RINDERPEST IN 
WAR-TORN SUDAN IN THE 


Tool of the trade. For many community animal health workers, such as this unidentified Sudanese man, an 
|AK-47 was an essential piece of personal protection equipment. 


ants, a highly virulent disease related to 
rinderpest that is increasingly affectin 


sheep and goats in Africa and Asia. Some 
experts, such as Leyland, note that rather 
than another eradication campaign, money 


might be better spent upgrading basic 
veterinary services in devel- 


oping countries. * 


here’s a 
huge amount to do just on 
ordinary diseases 

Before the an 


th 
community moves on, Roeder 
says that even though he is 
mined to 
push countries to confirm 
that the rinderpest virus is 
gone. For rinderpest-free 
accreditation by the Paris- 
based World Organisation for 
Animal Health, countries must have stopped 
vaccinating for at least 2 years and during 
that time had no outbreaks or evidence of 
infection, as documented by an adequate 
surveillance program. Some 30 countries 
With histories of rinderpest outbreaks seat- 


retired, he is de 
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tered across central Asia, the Middle East, 
and Africa still need to be accredited, he 


says. Ifthe disease does emerge from some 
‘obscure pocket of infection, it would be 


devastating to th naive herds of 
Africa and Asia. 

It's impossible to tease out exactly what 
had been spent in the fight against rinder- 
at since 1986, 


pest, but Roeder estimates 1 
international donors and participating 
countries spent approximately $610 mil- 
ion on animal health in Africa and Asia, 
primarily targeting rinderpest but covering 
other diseases and infrastructure. One FAO 
estimate puts the benefits of rinderpest 
eradication at $1 billion annually in Africa 
e. The additional $10 million of $12 mil- 
lion needed for the remaining countries to 
complete the accreditation process “would 
be a small price to pay for finalizing the 
eradication of this devastating he 
says. With just a final push, rinderpest 
could officially join smallpox as a disease 
of the past 


disease 


-DENNIS NORMILE 
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STRUCTURAL BIOLOGY 


Protein Structure Initiative: 
Phase 3 or Phase Out 


The production-line approach to finding protein structures is rapidly filling 
it the data researchers want, and is it worth the cost? 


up databases. But 


In the early 1990s when structural biolo- 
was working in 
abs of Paul Siglerand Arthur Horwich 
at Yale University, he and six colleagues 
worked together for more than 2 years to 
solve the x-ray crystal structure of a pro- 
tein known as GroEL. To obtain such 
structures, researchers must arrange 
copies of a protein into the regular pattern 
of a crystal and then ricochet beams of 
X-rays off it fo map out the position of 
each of the protein's atoms. At the time, 
the structure was hailed for offering a host 
of insights into how 

GroEL carries out its 
role ay a “chaperone” 
helping other proteins 
fold into their proper 
three-dimensional 
shapes. But GroEL’s 
large size made it a bear 
to solv 

Today, as head of the 
Midwest Center for 
Structural Genomics, 
consortium of investiga 
tors at eight institutions 
in the United States and 
c Joachimiak and 
his colleagues churn out 
some 180 such struc- 
tures a year, an average 
of one every 2 days. Not 
all are as difficult as the 
GroEL structure, but 
Joachimiak estimates 
that recent technological 
advances would allow them to solve 
something as complex as GroEL within 
about 2 months. That, Joachimiak says, 
“is a true revolution.” 

But some in the field say the revolution 
has gone farenough. Joachimiak’s center is 
one of four high-throughput structural 
biology centers participating in the Protein 
Structure Initiative (PSI). 3 
project funded by the U.S. National Insti- 
tute of General Medical Sciences (NIGMS), 
part of the National Institutes of Health 
(NIH) in Bethesda, Maryland. PSI is doing 
for protein structures what the Human 


Speedster. Andrzej joachimiak and his 
colleagues at the Midwest Center for 
Structural Genomics are pushing the pace 
for solving protein structures. 


Genome Project did for sequencing 
turning it into a mass-production exei 
cise. Already, PSI’s four main centers 
and six smaller ones have turned out 
nearly 3000 protein structures and over 
the past 7 years have contributed about 
40% of all the novel structures deposited 
in the Protein Data Bank (PDB), a global 
repository for protein structures. 

But with PSI now halfway through its 
second 5-year phase, critics say the cost of 
the program is too high, This year, NIGMS 
will spend approximately $80 million on 
PSI. By the end of phase 
July 2010, the total 
tab will be more than 
three-quarters of a bil- 
lion dollars. At a time 
when NIH funding is 
flat, many erities argu 
that the money is better 
spent on traditional 
small-scale structural 
biology projects, ones 
geared toward solving 
particular questions 
about the detailed work- 
ing of proteins h 
relevant to biolog 
medicine, In De 
that message was unde 
scored by an external 
review committee of 
prominent biologists 
charged with assessing 
PSI. Among the report’s 
conclusions: “The large 
PSI structure-determination centers are 
not cost-effective in terms of benefit to 
biomedical research.” Structural biologist 
Gregory Petsko of Brandeis University in 
Waltham, Massachusetts, echoed the senti- 
‘ment in an editorial last year in Genome 
Biology. in which he labeled PSI “an ide 
whose time has gone 

PSI proponents have plenty of counter- 
arguments, and the debate shows no signs 
of waning. “It's real hot point in the com- 
.” says Janet Smith, a structural 
st at the University of Michigan, 
Ann Arbor, who led the recent PSI review 


panel. “It's a fairly contentious topie, and 
opinion tends to run high,” she adds. In the 
midst of this debate, NIGMS officials will 
have to decide soon on PSI’s fate, The cur- 
rent round of PSI funding is scheduled to 
run through July 2010. If 
‘want to continue uninterrupted funding for 
the project, they must send outs 
for proposals sometime next year, 
ing to NIGMS Director Jeremy Beng. That 
means they will likely need to decide by 
the end of this year whether PSI h 
future. At this point, Ber 
PSI 3 “isnot a give 


A family affair 


Whereas genomics can re 


the sequence 
of amino acids in a protein, structural biol- 
ogy tells us how that sequence folds up into 
4 particular shape, which is key to a pro= 
tein’s function, These structures have long 


been s informa- 
tion about life's molecular machines. By 
revealing structures through x-ray erystal- 
ography and nuclear magnetic resonance 
spectroscopy, structural biologists glean 
insights into how they operate. In some 
his can discover the likely 
unknown protein, lead to a 
deep understanding of how misshaped pro- 
teins cause disease, and potentially reveal a 
path to new drug treatments, For example, 
resolving the structure of the HIV-1 pro- 
tease led to the creation of the first pro- 
tease inhibitors used to fight AIDS. 
Structural biologists have traditionally 
taken a hypothesis-driven approach to their 
science. asking questions about proteins 
known to be of interest, PSI, by contrast, 
chose a novel and somewhat controversial 
strategy: a “discovery-based” approach pri- 
marily targeted at proteins from different 
structural classes, or “families.” throughout 


as a treasuri 


rove ¢ 


se, those 
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Twister. The catalytic 
part of a human phos- 
phatase enzyme. 


the protein landscape. 
Members of each fam- 
ily fold up into similar 
shapes, often adopting 
similar functions, such 
as proteases, kinases, 
and phosphatases. One 
major goal of PSI has been to obtain 
structures of representatives of as many 
of these families as possible, in particular 
the large famities that have the most mem- 
bers, Proponents argue that each structure 
‘could be the key to many more: information 
on how the sequences fold into proteins 
should enable computational biologists to 
create “homology models.” detailed simula- 
tions of closely related family members for 
which no physical structure exists, and 
thereby glean insights into their function (see 
sidebar, p. 1612). 
8 Was far from certain, When the 
project started in July 2000, perhaps the 
biggest question was whether PSI centers 
would be able to automate all of the many 
steps involved in mapping proteins. Unlik 


losel 


genomics, which relies on speeding up one 
technology—reading the sequence of DNA's 
nucleotide bases—PSI leaders had to speed 


‘up numerous technologies including cloning 


ace PAs, 


Bir 3 
=\"Selection’| 
ls a“ 


automated .d 
Structure validation 
and deposition 
5 Building a bigger pipetine. PS groups created a series of new technologies to speed up the many steps 
involved in determining a protein’s structure, such as robots to purity and crystallize proteins. 
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Parallel high-throughput 
(HI expression 


Data flow parallels the experimental pipeline 
collecting 424 parameters from 28 stages. 


enes into microbes. expressing and purify 
ing proteins, coaxing them to form crystals, 
testing their quality. collecting x-ray data, 
and solving the structure. “Early on, we didn’t 
know whether we were going to be able to 
build these pipeline: Tan Wilson, 
structural biologist at the Seripps Research 
Institute in San Diego, California, who heads 
‘one of PST's four large centers, the Joint Cen- 
ter for Structural Genomics in San Diego. 

But the recent review panel concluded 
that PST's technology development had been 
“highly successful,” with advances dramati- 
cally speeding all phases of structure deter 
mination. In many cases, the panel's report 
concludes, PSI has fostered technology that 
n be adopted by more traditional struc- 
tural biology efforts. The centers not only 
developed new technology. they've applied 
it effectively, too: The large centers now 
crank out an average of 135 protein struc- 

res each per year. 

PSI proponents angue that this produe- 
tion-line approach has dropped the cost of 
solving structures from about $250,000 
apiece in 2000 to about $66,000 today. But 
PSI's success is not just about the bottom 
line, they argue, I's also revealing a dive 
sity in protein structures never seen before, 
A. 2006 analysis in Seience by Steven Brenner 

i of Lawren 
Berkeley National Laboratory (20 January 
2006, p. 347) in California found that PST 
centers account for about half of the nov 


Automated HT 
purification 


‘Automated Ht 
ccpstalization 


‘Automated HT 
cystal screening 


Sed and data collection 


structure determination 
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structures submitted to PDB. These are 
structures for which their immunoacid 
sequence overlaps with that of any other 
proteins by less than 30%, Another study in 
the Proceedings of the National Academy of 
Sciences last year by Michael Levitt at 
ford University in Palo Alto, Californi 
showed this trend continuing, and that PSI 
centers reversed an earlier steady decline 
among structural biologists in the number 
of novel structures being added to PDB, 
Wilson and several colleagues argued in an 
editorial in the January issue of Structure 
that the novelty of the PSI structures is a 
‘great benefit to the community because it 
provides data complementary to traditional 
structural biology rather than simply 
answering the same sets of questions, 

But researchers are still divided over just 
how useful allthis new information is. “I had 
reservations from the outset,” says Petsko, 
who says he objected because protein struc- 
tures are only useful when the ser 
specific biochemical questions about the 
detailed workings of a protein, The recent PSL 
assessment report echoes this criticism, call- 
ing PSI's strategy of focusing primarily on 
“seriously flawed.” One problem, 

uuthors angue, is that the 
number of new protein families identified 
by gene-sequencing efforts worldwide con- 
tinues to grow more rapidly than the number 
of protein structures being produced, A 
team of researchers reported last March in 
PLoS Biology. for example, that a random 
sequencing of DNA from the worlds oceans 
showed that more than half of all the protein 
families they found had never been seen 
before, suggesting that researchers are 
nowhere near completing their survey of the 
diversity of protein families, That 
makes the challenge of obtaining 
representative structures from 
each family “an open-ended 
problem.” say the authors of the 
assessment report. 

What is more, the assessment 
panel concluded that although 
having a protein structure can 
help computer modelers make models of 
‘other members of that protein family, those 
models almost always have a low resolution 
and lack detail of t ¢ location of all 
the protein’s different amino acid residues. 
Such detail is key to nailing down the exact 
biochemical workings of a protein and 
often its specific function. “The ability to 
model structures, particularly complex 
‘ones. is very far from being able to connect 
‘most PSI structures to function,” the report 
states. Even if an accurate model can be 
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made, using 


hat to discern a protein’s fune- 
tion is not a straightforward task. A struc- 
sa little bit of data” tha 
can be used to discern a protein's funetion. 


ture, Smith says, 


bre 
they argue that’s because only a relatively 


ity of biolog 


sts. In part 


small fraction of this broader community 
knows how to use this type of structural 


-gan to release its data, it 
was instantly seized upon: “There was no 
need to ask, “Was this worthwhile?" ” 


Genome Project 


“But it’s not as much as folks had hoped it inform 
would be, 
On top of these problems, critics say 


PSI’s da 


PSI] 1s not providin, 


citing picked up by the _ contrast, 


Researchers Hone Their Homology Tools 


The Protein Structure initiative (PSI) is churning out new protein struc 
tures at a pace never seen before, But even the hundreds of structures 
the initiative unveils each year don’t make much of a dent in the mil 
lions of proteins and multiprotein complexes thought to be out there. 
One hope for PSI, however, is that the proteins it has solved 


researchers insights into the structures and functions of some of thase 
whose shapes are unknown. For such work, computational biologists 
employ “homology models,” which use solved structures as templates 
for computer models of the three-dimensional (3D) shapes of closely 
related protein 


‘Model behavior, 


closely related pro 


How well do homology models work? Not well enough, according to 
members of a review panel that issued a mixed report card on PSI in 
December, Although such models often get the general shape of 
related proteins correct, they typically lack the atomic-scale resolution 
needed to gain specific insights into how a protein does its job—or 
even what jab it does. “The large numbers of new structures deter 
‘mined by the PSI effort have not led to significant improvements in the 
accuracy of homology modeling that would allow modeling of more 
biologically relevant proteins, complexes or conformational states,” 
the report concluded 

But computer modelers say that conclusion misses the mark on sev 
eral counts. First off, they point out, it was never a stated goal of PSI to 
improve the accuracy of homology models. “This was a complete red her 
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ion. The bottom line, Smith says, is, 
that “the number of structures provided [by 
a boon to biole 


she adds, 


SCIENCE 


Function follows form 
PSI leaders counter that although it’s true 
that the number of protein families i 


By 


when the Hum: 


rapidly, most of the newly discove 


ring,” says John Moult, a computational biologist at the University of 
Maryland Biotechnology Institute in Rockville. Moult says the initial 
intention was simply to allow computational biologists to apply existing 
models to a larger number of target proteins. And that, he says, has 
undoubtedly occurred. Of all the structures submitted to the global Pro 
tein Data Bank, PSI now contributes about 40% of all the “novel” pro: 
tein structures—those significantly different from any solved previously, 
And according to one recent estimate, those allow for the creation of 
more than 40,000 homology models that could otherwise not be made. 
That said, 


Moult and others argue that PSI is actually now begin: 
ning to contribute to the improvement of homology models them 
Inits second phase, PSI has supported two small centers geared 
toward improving computer models and has also supported individual 
computer-modeling groups. That bioinformatics support was perhaps 
“a little slow” in coming, says Andrej Sali, a computational biologist at 
the University of California, San Franci 


0, But he and others argue 
that this support, together with the increased number of structures, 
has helped spur advances in the basic algorithms to improve the accu 
racy of models. 

Whether due to PSI or not, Moult and others say there's plenty of 
evidence homology models are improving, For starters, they point to a 
biennial competition among computational biologists to predict the 

tructure for a series of proteins. The Critical Assessment of Structure 

Prediction (CASP), which began in 1994, will hold its eighth competi 
tion tater this year. The first “was embarrassing,” says Moult, who heads 
the CASP competitions. Few of the early models even came close to fig 
uring out the actual structure of their target proteins, which were also 
simultaneously solved by x-ray crystallography for comparison. But by 
2002, 60% of the models got close enough to the final structures to 
add useful information, By 2006, that number had climbed to 80%, "| 
don't want to say modeling was improving only because of the PSI,” 
Moult says. But the added structures in the database, he argues, are 
making a “very significant contribution.” Adds David Baker, a computa 
tional biologist at the University of Washington, Seattle: “Homology 
modeling is definitely getting better. 

In another key advance, improved computer models are making it 
easier for xray crystallographers to solve their structures. Experimen 
talists solve these structures by firing powerful beams of xrays at pro 
tein crystals and tracking how those x-rays ricochet off their targets. 
These data give them much of what they need to nail down the position 
of all the atoms in the protein. But for a complete 3D picture, 
researchers typically compare the original data with another set taken 
from a closely related protein, Combining the two data sets is usually 
enough to finish the job. Not all proteins have close relatives that have 
been solved. But in a Nature paper last November, Baker's team showed 
that it was possible to use newer high-resolution homology models as 
the close relative to help researchers solve the xray structures. “t's not 
an established method yet,” Baker says. However, he argues, it shows 
the synergy that can occur between high-quality experimental data and 
computational models. “RES. 


jencemag.org 


families have only a few members. The 
majority of proteins are found in a small 
number of large families that are the focus 
of PSI's targeting, Gaetano Montelione, a 
structural biologist at Rutgers University in 
Piscataway, New Jersey, argues that as a 
result of focusing on large families the 
impact of PSI structures is increasing, 
because each solved structure carries more 
leverage, or ability to model a greater num- 
ber of related structures, than those solved 
along tra . Even with the limi- 
ns of current computer models, “the 
large information leverage provided by 
determining the first structural representa 
tives from very large sequence families is 
tremendously enabling to biomedical 
research,” Montelione writes in a February 
2008 response to the PSI assessment 
report, Although homology models may 
not always reveal a protein’s function, 
Montelione and others argue, in many 
cases it can offer important clues to guide 
future biochemical experiments designed 
to nail down that function 

Many researchers also dispute the claim 
that many PSI structures lack biological rele- 
vance. A fraction of PSI targets are chosen for 


biological interest. And any of its structures" 
relevance. as with the value of any basic 
research, takes time to grow, they argue."*The 


benefits we will see 2 to 3 years from now 
will be very great,” Wilson says, and will 
include a growing understanding 
of how protein families evolved 
and the evolutionary connections, 
between different families. 
And as for the dissemination of 


3000 


2500) 


PSI data, PSI leaders say that $990 
w knowledge base (kb. 

psi-structuralgenomics.org) 3 

KB) that came online earlier. = 

this month should improve 2 

matters dramatically. 2m 

David Baker, a comput 

tional biologist at the University $00 

of Washington, Seattle, adds 

that the large number of PSI o 


fy 
3 
E structures is also making possi- 
ble an emerging approach to 
esigning new therapeutics. 
designing heraps 
g Baker's group uses the full 
§ gamut of PDB structures to help 
£ them design better protein- 
Z based inhibitors to toxins, as well as vac~ 
: cines for diseases such as HIV. When the 
group designs their proteins, they start with 
2 the shape of the target they are trying to 
8 block. Then they conduct a computer scan 
i through all the known protei 
PDB. 


structures in 
\cluding PSI structures—looking 
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for as many proteins 
shaped to fit into those 
targets as possible. Then 
they set their computa- 
tional program loose to 
refine those matches and 
design a novel protein 
for an optimal fit, And 
the more close matches 
they have, the more 
accurate and effective 
the designed protein 
tends to be. As such, 
Baker says. the value of 
the database will only 
grow. “These structures 
are really going to help 


ys. “I don’t think that 
\was anticipated originally.” 


A question of value 

Smith and others say they readily agree that 
PSI is producing good science, but they 
question whether it’s worth the cast. “It's 
how do you get the most bang for your 
buck,” says Philip Cole, a pharmacologist 
who specializes in signal transduction at 
the Johns Hopkins School of Medicine in 
Baltimore, Maryland. 

Still, Cole and others worry that even 
PSL isn’t funded for a third phase, 
there’s no guarantee that money saved 


2943, 


‘Cumulative Numbers 
of Experimental 
Structures from PSI 


Sep "Sep Sep Sep Sep ad Jul Jul” Mar 
2000 2001 2002 2003 2008 2005 2006 2007 2008 
Deposition period 


Off the charts. PSI centers are determining structures at a pace 
never seen before. But critics doubt that the impact has kept pace. 


will flow to traditional structural biology 
groups. That's not how science funding 
works. “If PSI were to be discontinued, 
the money would go back to the general 
pool within NIGMS.” Berg says. Struc- 
tural biology funding. he adds. accounts 
for about 10% of the NIGMS budget, with 
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The messenger. Janet Smith led a recent panel of biologists that criticized 
St for having a limited impact on the broader community of biologists. 


traditional single-investigator grants tak- 
ing up about 6,3%, So doing away with PSL 
would likely increase the share of funding 
for individual structural biology grants 
from about 6.3% to perhaps 6.7%, Berg 
says. What is more, structural biologists 
currently working on PSI would then be 
competing for those funds. So the net 
result iid wind up being “a pretty big 
negative” for the community, Berg says. 
‘So what's next? Berg says NIG 
currently evaluating all of its large~ 
projects to decide which ones to conti 
The PSI assessment panel argued against 
continuing the project in its present form, 
fort might be focused on smaller 
projects with much higher experimental 
coupling to biological function and improv- 
ing computa 
and predicting protein structure.” the report 
concluded. In his response to the report, 
Montelione agreed that connecting more 
directly with the priorities of biologists 
“needs to be a priority” in designing PSI 3. 
Others agree that perhaps the best solu 
tion is to focus more tightly on protein tar= 
gets with known biological relevance, such 
as multiprotein complexes, proteins that 
are embedded in cell membranes, and pro- 
teins from disease-causing microbes. “This 
can evolve.” says Joel Sussman, a structural 
biologist at the Weizmann Institute of Sci- 
ence in Rehovot, Israel. “Now you can use 
these enormous platforms [built in the PST 
s] to tackle biological problems.” 
Whether the broader biological community 
can agree on such a compromise will 
lary depend on whether NIGMS sees 
‘budget increases anytime soon, Says Wilson: 
“When the money gets tight, the knives 
come out.” 


onal methods of analyzing 
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LETTERS 


edited by Jennifer Sills 


Open Letter to Senator Rita Levi-Montalcini 


WE ARE A GROUP OF RESEARCHERS (1). WE WRITE THIS LETTER TO YOU WITH THE UTMOST 
respect and gratitude for what you have done and still do for research in Italy. We appreciated 
all the statements of intent of the past governments as well as the current one: more money for 
research, transparent competitions, and the like. But all this never went beyond mere words 


Professor, in Italy t 
no “manginal phenome 
Unfortu 


— 


PRE TA 
UNIVERSITA, 


Researchers protest in Rome, 2005. Almost 100,000 
participants protested the lack of concrete actions 
taken by the Senate to improve the conditions of 
research in italy and to reduce the use of temporary 
contracts for researchers 


are 60,000 university re 


rehers with 


mporary contracts! This is 


Wwe make up 50% of the university labor force 
ly, the situation is no better in research 


ywencies. We do research work, lec~ 
ture, supervise students writing graduation 
theses, publish articles, attend con; 


and draw up appeals for funds (in which our 


names do not even appear). 
We work at least as much as lor 
loyees but we do not have the sa 


erm 
rights, 
In Italy there are only a few open competi- 


tions, and, even worse, they often look like 
farces: The name of the winner is known eve 
before the call for expression of interest is 


issued! Meritocracy in Italy is an empty word 


seldom translated into reality. Fast university 


careers are only for the chosen ones or the 

descendants of families traditionally con 
ected with the university. Everybody knows 

that it takes good opportunities to improve 


‘one’s skills, but opportunities are not for 
0 their merits. And the 
on is even worse for women. 

Aswestrivet cer, discover new 


everyone according 
situa 


molecules and genes, develop new software, 


uulture, and iden- 


support an ever-ch: 


tify new ways to teach and learn, remember 


that achieving these 
work of university re: 


als is partly due to the 
rchers with tempo- 
rary contracts, who have worked for years 
hoping to finally obtain a job that would 
them economic stability and freedom. 
University researchers with temporary 
contracts are not free. They have to make 
contracts won't be 


compromises or thei 
renewed: they have to withdraw from open 
competitions to let a “chosen one” be hired: 
they have to accept that their data are pub- 
lished without their names among the coau- 
thors. They doall this to survive. We will bea 
generation of pensioners without a pension. 
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the state will take care of us, For 


nany people (and gov 
got all about us. Researchers wh 
30, 40, 45 years old still have temporary 
contracts and may now be too old fora lor 


university rese: 
among us have had a temporary contract for 
10 to 13 years; they have had many different 
kinds of short-term contracts and their work 
has been evaluated every year before their 
contract could be renewed, We wonder what 
else we have to endure before we are consid- 
ered suitable fora long-term contract, 

with ye 


Professor ir usual strength of 
mind you will certainly be able to pass on the 


message that the university in Italy can be 


saved only if this problem is solved. 
Thank you in advance for your under~ 
standing and support 
RITA CLEMENTI" LEONARDO BARGIGU,? 
SILVIA SABBION?? 
Via Comidon 5, 27200 Pavia, Maly. Via della Greve 120, 
50018 Scandic (F,Htaly, ‘Department of Experimental 
and Diagnostic Medicine, University of Ferrara, Luigh 

Borsa 46, 44100 Ferrara, Hal. 


“To whom correspondence should be addressed, E-mail 
ritaclementi@omailcom 


Reference 

1 This eter has been signed by 776 researchers with 
temporary contracts i Maly or abroad, The complete tit 
is available as Supporting Online Materia at wo. 
schecemag oghegcontentul/319/5870/16154/0C1 


Response 
AM WELL AWARE OF THE PRECARIOUS SITU- 
ation in Italy regarding researchers with tem- 
porary employment contracts. During the 
approval of Italy’s 2008 Budget. I supported 
measures to stabilize employment for those 
\working under temporary contracts. Although 
the government was not able to invest heavily 
in this expenditure, the Bu 
ceate funds to reduc 


Law did allo- 


nst 


idy employment. 
overnment will be able to 
ameliorate this long-standit 


Thope the new 


problem, and 1 


also assure my continued support during the 
next legislature 


RITA LEVI-MONTALCINI 
President, Ewopean Bran Reseach Insite, Via del Fosso di 
Fiorano 64, 00143 Rome, Hay. 
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Preserving Accuracy in 
GenBank 


GENBANK, THE PUBLIC REPOSITORY FOR 
nucleotide and protein sequences. is critical 
resource for molecular biology, evolutionary 
biology, and ecology. While some attention 
has been drawn to sequence errors (J), com- 
‘mon annotation errors.also reduce the value of 
this database. In fact, for organisms such as 
fungi, which are notoriously difficult to iden- 
tify, up to 20% of DNA sequence records 
may have erroneous lineage designations in 
GenBank (2), Gene function annotation in 
protein sequence databases is similarly error- 
prone (3, 4), Because identity and function of 
new sequences are often determined by 
bioinformatic analyses, both types of errors 
are propagated into new accessions, leading 
to long-term degradation of the quality of 
the database 

Currently, primary sequence data are 
annotated by the authors of those data, and 
can only be reannotated by the same authors. 
This is inefficient and unsustainable over the 
Jong termas authors eventually leave the field. 
Although itis possible to link third-party data- 
bases to GenBank records, this isa short-term 
solution that has little guarantee of perma- 
rence. Similarly, the current third-part 
tation option in GenBank (TPA) compli 
rather than solves the problem by e 


ing an 
identical record with a new annotation, while 
leaving the original record unflagged and 
unlinked to the new recor 

Since the origin of public zoological and 
botanical specimen collections, an open sys~ 


tem of cumulative annotation has evolved. 
whereby the original name is retained, but 
additional opinion is directly appended 
and used for filing and retrieval, This was 
needed as new specimens and analyses 
allowed for reevaluation of older specimens 
and the original depositors became unavail- 
able. The time has come for the public se- 
quence database to incorporate a community 
curated, cumulative annotation process that 
allows third parties to improve the annota- 
tions of sequences when warranted by pub- 
lished peer-reviewed analyses (3). 

M1, BIDARTONDO ETAL. 


{imperial College London and Royal Botanic Gardens, Kew 
1W9 308, Ux. 
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‘TECHNICAL COMMENT ABSTRACTS 


Comment on “Physical Model for the Decay and Preservation of Marine 


Organic Carbon” 


Bernard P. Boudreau, Carol Arnosti, Bo Barker Jorgensen, Donald E. Canfield 


Rothman and Forney (Reports, 1 June 2007, p. 1325) described a model forthe decay of marine organic carbon, 
However, the enzyme deactivation rates required by their model are too fast compared with available data, and the 
‘madet fats to explain the similarity in observed decay rate constants from different experiments. Alternative mod 
ls provide equally good fit to the observed temporal trend in decay rate constants. 


Full text at won sciencemag org/gilcontentfull319/5870/16165 


Response To ComMENT ON “Physi 
Marine Organic Carbon” 


Daniel H. Rothman and David C. Forney 


il Model for the Decay and Preservation of 


Fast enzyme deactivation rates are not required by our physical model of organic matter decay. Instead, low eflec- 
tive cifustites arising from sorption of enzymes and physical protection by minerals are sufficient, Our model pre- 
‘ics observed temporal trends in organk-mtter decay rather than specific rate constant. Existing statistical mod 
els of intrinsic reactivity explain observed trends empirically but not theoretically 

Full ext at wr sciencemag org/cgicontenttull319/5870/1616c 


Malaria Eradication in 
India: A Failure? 


INTHE 7 DECEMBER 2007 ISSUE, L. ROBERTS 
and M. Enserink discuss malana eradication 
in the News Focus story “Did they really 
say ... efadication?” 

In the mid-1950s, 1 optimistically pr 
‘moted malaria eradication by promising the 
Minister of Finance of India that there would 
be no need to spend money on malaria control 
in 10 years’ ime if India matched the USAID 
grant for malaria eradication, Subsequently. 1 
felt guilty because total eradication had not 
been achieved. However, comparison of the 
statements on malaria in the first and 10th 

‘year economic plans of India shows the 
value of investments in malaria eradication, 

The first 5-year plan states, “Malaria is the 
‘most important public health problem in India 
‘and its control should therefore be assigned 
topmost priority in any national planning. It 
has been estimated that about a million deaths 
are caused in India every year by malaria 
among the 100 million people who suffer from 
this disease. The economic loss is estimated 
‘at several hundred crores (a crore equals 10 


he Editor 


million) of rupees every year. Vist fertile areas 
remain fallow and natural resources remain 
tunexploited, langely due to the ravages of 
malaria. Aggregation o ation, 
hydroelectric and industrial projects is at- 
tended with severe outbreaks of malaria if spe 
cial steps are not taken for its control. The tse 
of DDT as a residual insecticide has brought 
about far-reaching changes in the technique of 
the control of malaria." (/) 
Fifty years later, the 10th S-year plan 
reports less than a thousand deaths in a popu 
lation double the size of that in 1950 (2). 
The drop from a million toa thousand deaths 
underscores the value of the malaria program. 
The fact that mal 
in the United States 


success of eradication pro 
However, there is cause for some optimism, 
given that the most effective mosquito vector 
in Africa, Anopheles gambiae, has been erad- 
icated in northeast Brazil 
Information from India’s S-year economic 
plans shows that even if complete eradication 
cannot be secured, economic gains and re 
duced suffering may be worth the effort 
TIMOTHY D. BAKER 
Department of International Heath, and Environmental 


Health Sciences, Johns Hopkins School of Pubic Heath, 
Baltimore, MO 21205, USA. 
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PALEONTOLOGY 


Rise and Demise of Ghostly Animals 


‘Shuhai Xiao 
tween 1908 and 1914, German geol- 
B wists P. Range and H. Schneiderhohn 
discovered some enigmatic fossils 
including Rangea schneiderhoehni, later 
named after them—in southern Namibia. 
Similar organisms have since been found at 
more than 30 localities and on most conti- 
nents, These fossils are collectively known as 
the Ediacaran biota, after a site in South 
Australia, The geological age of the Ediacaran 
fossils is now well establish 542 
million years ago, an interval immediately 
before the Cambrian radiation of animals. 


However, the evolutionary relationship be- 
tween Ediacaran taxa and Cambrian animals 
remains ambiguous, Thus, the impl 
Ediacara fossils for the Cambrian radiation 
are intensely debated among a small group of 
paleontologists. Two recent books authored 
and edited by Mikhail Fedonkin (Russian 
Academy of Sciences), Patricia Vickers-Rich 
(Monash University, Australia), and their col- 
ing 
1 controversies 


tions of 


leagues offer new insights into the ong 
debates and unveil the Edin 


toamuch wider audience. 


In The Rise of Animals, veteran researchers, 


some of whom have spent their entire career 
unraveling Ediacaran puzzles, lead a guided 
tour of most of the best-known Ediacaran 


ies. Telling numerous stories about the 


loc 
fossil hunters, they chronicle decades of 
Ediacaran research in Newfoundland, Namibia, 
Australia, Russia, and other, often remote, 
parts of the world. Along the way, Fedonkin 
and his fellow authors discuss the preserva- 
tion, ecology, and phylogenetic affinity of the 
Edi 


Most Ediacaran fossils are preserved as 
casts and molds in clastic rocks: sometin 
they are only ghostly impressions on the sur- 


face of sandstones. The on 
nisms have been traditionally placed in extant 
animal phyla, including cnidan 
and arthropods. As stich, they represent fore- 
runners of Cambrian animals and support 
the idea of a short phylogenetic firse to the 
‘Cambrian explosion. 

However. Adolf Seilacher, a University of 
Tiibingen paleontol ues that most 
nisms could not have func 
animals. He interprets 


ns, annelids, 


Ediacaran org 


tioned as free-livi 


The reviewer isat the Department of Geosciences, Virginia 
Polytechnic Institute and State University, Blacksburg, VA 
24061, USA. E-mail: xao@vtedu 
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them instead as having had 
bodies of stitched tubes (simi- 
lar to an inflated air mattress) 
that were organized concen- 
trically, radi lly, or 
ly. This unique con- me 
struction of the body forms 
the basis for his recognition of 
a new kingdom, Vendobic 
(J), Although Seilacher adn 
that there were bona fide ani- 
mals in the Ediacaran biota, 


frac 
Guy M. Narb 
Patricia V 


he argues that those animals 
lived in the shadows of vendo- 
bionts that are not closely 
related to exta 
He believes that the vendo 
t protists 1 
sembling modern xenophyo 
phoran foramin 


the Ediacaran 


bionts were Lee 


Many paleontologists dis- 
agree with Seilacher, and 
onkin and colleagues de- 

end the traditional interpret 
tion. A case for affinity with mor 


recent ani- 


mals has been made for such vendobionts as 


Dickinsonia 


ind Yorgia, which left resting 
traces that are taken as evidence for at 
like mobility. But current hypotheses about 
how such resti 


these vendol 


ts fed find few analogues 
among modern animals. Other examples of 


possible animals include Ausia, which has 


Contemplating evolutionary relationships? A stumpy-tail lizard 
(itiqua rugosa) gazing at an ancient Ediacaran fossil (Parvancorina 
‘minchami) in Bustalia 


The Rise of Animals 


Mikhail A Fedonkin 


kers-Rich 


The Rise and Fall of 


a Vickers-Rich and 


sted asa possible urochordate. The 
authors also follow the traditional interpreta~ 
tion of many other Ediacara fossils as animals, 
altho 


igh such vendobionts as rangeomorphs, 

with a fractal body construc 
tion, have bodyplans and life- 
styles that seem to have been 
distinct from those of modern 
animals. Thus, vendobionts 
remain phylogenetic ghosts 
whose placement in the tree of 


life is elusive, Pale: 


ologists 
continue to debate whether ven- 
ea dobionts are monophyletic and, 

if they are, whether they fit 
within the crown of the animal 
tive, lie along the stem leading 


to that crown, oF rest some 
where else in the eukaryote tree, 

The Rise and Fall of the 
Ediacaran Biota comprises 
Biota collection of papers that was 
developed from two interdisci 
plinary symposia (2004 and 
2006) held for the International 
Geological Correlation Project 
493. The wide range of topies 
encompasses tectonics, paleo- 
magnetism, and evolutionary 
developmental biology, but the 


bulk of the book focuses on Ediacaran fossils 
and contemporaneous life forms. Like most 
edited volumes, the individual chapters are of 
uneven breadth and depth 

Tam most impressed by the thorough, 
analysis of Kimberella provided by Fedonkin 
and his co-authors. Fedonkin regards Kimbe 
rella as the crown jewel of the Ediacaran 
biota, whereas Seilacher considers it as a 
promising newcomer that lived 


during the vendobiont dynasty 
although both agree that it was 
indeed an animal. Fedonkin’s 
careful examination of a large 
collection of Kimberella spe 
mens has revealed many anato- 
mical structures, including 
proboscis-like structure at the 
presumed anterior end, a dorsal 
shield, and a ventral foot. These 
structures clearly establish Kime: 
rella as a bilaterian animal whose 
development involved program- 
med anterior-posterior and dor- 
sal-ventral differentiation, 


Equally intriguing is Jerzy 
Dzik’s analysis of trace fossils 
which provides a fresh per- 
spective on animal activit 
prior to the Cambrian, His 
plausible and provocative take 
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Ghostly animals, For Austalia Post's “Creatures ofthe Slime” stamp 
issue (2005), Peter Truster depicted six Ediacaran organisms (clockwise 
from top lelt): Charniodiscus, Tribrachidium, Dickinsonia, Inari, 


Kimberelta, and Spriggina. 


on early burrows is that they represent 
refugia from early predators rather than 
feeding traces (the exploitation of organic 
carbon in the sediments), Testing his i 


pretation will require independent evi- 
dence for early predators 

Also fitscinating are the new observations 
and innovative morphometric analyses of 
vendobionts by Mare Laflamme, Richard 
Jenkins, Jonathan Anteliffe, and their col- 
Jeagues as well as Erik Sperling et a's stimu- 
lating hypothesis that the early diversification 
of sponges may have trig 
bance in the global carbon cycle. With 
r ise of the Ediacaran biota, 
Breandan MacGabhann’s carefull exami 
tion of purported Ediacaran fossils from 

‘ambrian rocks accentuates the extinction of 
Ediacaran organisms before the Cambrian 
explosion, although the caus 
tion is unresolved. 

To solve the puzzle of Ediacaran fossils, 
paleontologists have to become more recep- 
tive to unorthodox thinking. They also need to 
broaden their field searches to seek fossils in 
such sediments as black shales, cherts, and 
bituminous limestones. These unconventional 
preservational windows may offer novel per- 
spectives on Ediacaran fossils. In addition, 


red a major distur- 


of this extine- 


future analyses should focus 
on the evolutionary patterns 
and processes 
demise of the Ei 


the rise and 
an biota, 


These two books would have 
been richer had these aspects 


explored in greater depth. 
Nonetheless, the beautifully 
produced books will serve 
valuable references, Particu- 


larly useful is the atlas in The 
Rise of Animals, which in- 
cludes illustrations of many 


important Ediacaran fossils 
that previously had been shown, 
only in poor figures published 
in obscure journals. 

The twobooks by Fedonkin, 
Vickers-Rich, and colleagues 
arrive while Edia re- 
rchers celebrate the 100th 
anniversary of Range and 
Schneiderhihn’s discovery. It 
is perhaps coincidental that 
their findings in Namibia wer 
made at about the same time 
as Charles Doolittle Waleott’s 
unearthing of the Middle Cam 
brian Burgess Shale fauna 
the Canadian Rockies. Like 
the Ediacaran fossils, many 
Burgess Shale fossils have 
genetic ghosts, variously 
preted as members of extant ani- 
mal pI ding to 


Unlike the 


such phyla, or represen 
extinct phyla. 


Berkley. No 


toa much larger audience, Elizabeth Hi 


thanks to Stephen Jay Gould’s 
popular book Hinderful Life (3). 
The Rise of Animals offers a 
‘much-needed avenue to commu 
nicate to the general public 
the past decade's exciting discov- 
eries of Ediacaran fossils. The 
Rise and Fall of the Ediacaran 
Biota will reward 
in the topic. I certainly recommend that 
both books be placed next to Gould's on 
your bookshelf 


mes P He 


Elizabel 


ny scientist interested 
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D 


feature them prominently: our re 


ifferences between men and women 


have occupied people's thoughts for 
avery long time. Our creation myths 
ons and 


ts try to use them to define our 
and our intellectual traditions 
are rife with rancorous debates about why sex 
differences exist, what they mean, and what 
power they should be accorded over our lives 
Notions about what is “natural” for, and 
therefore what is naturally different about, 
men and women have always played a major 
part in this discourse 

The first post-Darwin analysis of human 
ex differences in mental abilities by an evo 
lutionary written at a time 
when higher education for women was a 
subject of intense debate—angued that brain 
size was an adaptive, sexually dimorphic 
characteristic and that women’s physically 
smaller brains doomed them to an inferior 
mental status (/). A contemporary com- 
mentary in the British Medical Journal (2) 
tepidly disagreed with the conclusion of infe 


scientist 


riority and mildly ridiculed its presumed sei- 
emtific basis, endorsing in- 
stead a “separate but equal” 
distribution of abilities whereby 
men and women emphasize 
different specialties. Discus- 
sions over the ensuing 120 
years have largely replicated 
such arguments, simultane 
ously blurring the distine- 
tion between biological char- 
acteristics that cause sex 
differences and those that 
are consequences of them 
Should the average wi 
paid tomen and women and 
the difference in the occur- 
rence of attention deficit hyperactivity disor- 
der (both are higher in males in the United 
States) be thought of as secondary sexual 
characteristics? 


sequences of our biole 
The current profusion of popular books on 
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“01 physiology from top to toe | sing / Not physiognomy alone nor brain alone is worthy forthe Muse, | say the 
Form complete is wothier far, /The Female equally withthe Male | sing,” ~Walt Whitman, “One's Self! Sing” 


sex differences by scientifically trained (3) 
and untrained (4) authors alike are still mired 
in the same ha ology as qualified 
destiny” arguments. A typical recent example 
lists “hardwired” sex differences and tries to 
show “how denial of these differences has led 
tothe sexual revolution, fatherless families 
and calls for universal day care” (4). To be fair, 
this author feels that certain hand-picked 
“hardwired” differences are not imperatives: 

He advocates discouraging “men's desire for 
irresponsible sex” and further nurturing 
‘women's “greater interest and talent 
forbabies.” Within the more staid walls of 
entific discourse. nine pages in Science (5) 
‘were recently devoted to criticism by over 40 
evolutionary scientists responding to a review 
that questioned the ability of parental invest 

‘ment theory (a component of the theory of 
sexual selection) to adequately explain all df= 
ferences in reproductive social behavior 
between males and females (6, 7). The heated 
nature of the discussion suggests something 
more is at stake than which mathematical 
‘model provides the best predictions. 

Why should people who are not obsessed 
with the “natural” order of things, with pro- 
scribing sex roles, or with the minutiae of se 
entific theories care about sex differences? 
One good reason was provided by a 2001 
report (8), which found that biomedical 
research 


and negatively impact the health of over half 
the world’s population, women. Yet it hasbeen 
difficult for an interested person (without a 
particular axe to grit an accurate, up 
to-date understanding of sex differences in the 
brain and their potential relation to behavioral 
differences and human health. Good text- 
books on behavioral endocrinology exist but 
cannot provide the kind of multifaceted cover- 
age that a timely specialty volume can 

Sex Differences in the Brain: From Genes 
10 Behavior sets.abigh standard. although itis 
not for readers with weak backgrounds 
biology. endocrinology, and neurose 
The edited volume has three major sections. 
Strategies, Methods, and Background delves 
deeply and critically into sex dimorphism in 
an evolutionary context, new findings that 
have inj le complexity and 
fascination into research on sex and the brain, 
and new tools for unraveling causal factors 
from consequential ones. It also contains a 
lengthy assessment of methodological issues 
in human and animal research. Shorter chap- 
ters focus on monitoring menstrual cycles, 
pharmacogenomic techniques, and sex differ- 
ences in stress. Sex Differences in Neuro- 
biology and Behavior, comprising the bulk of 
the book, contains chapters on steroid hor- 
‘mone receptors in relation to behavioral di 
ferences; differences in affiliative behavior, 
‘movement, motivation, neuroplasticity. and 
cognitive function (mostly animal work): eat- 


ing behavior, energy metabolism, and obesity 
(human and animal work); and sex differences 
in play behavior, language, and visuospatial 
cognition (human work), The last section, Sex 
Differences in the Neurobiology of Disease, 
rounds out the volume with chapters on 
sex differences in susceptibility to infectious 
and autoimmune diseases: neuroimmunol- 
ogy: pain: and anxiety, mood, Alzheimer’s, 
and Parkinson's disorders. 

The volume curiously lacks any treatment 
of relevant historical, ethical, and_social 
dimensions to sex difference research. The 
book's value as a reference and teaching 
resource would have been substantially 
increased by the inclusion of atleast one con- 


cise chapter documenting health issues that 


have historically been influenced by a lack of 


knowledge about sex differences and at least 
one other focused on the ethics of sex- 


difference research (including the impact of 


such studies on legal and social issues and the 
responsibilities that scientists bear). Ata time 


when awareness of the damaging effects of 


authority figures describing sex differences to 
young people in particular ways is increasing 
(9, 10), such issues deserve a prominent place 
in scientific raining and consciousness, 

All readers will learn something of value 
from this book, even if they don't agree with 
the views of particular authors. Information 
content is high, references are ample, and the 


continuity between different chapters has 
been skillfully coordinated, The chapters in 
the first section on brain sex differences and 
methodological issues are especially notewor- 
thy for their concise and critical presentation 
‘of material and ideas while generating exeite- 
‘ment and interest. These chapters deserve to 
be widely read, and they will undoubtedly 
attract bright young minds to the field. The 
organizers of Sex Differences in the Brain 


‘would perform an enormous public service if 


they prepared a version of the material for 
popular consumption, 
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Igniting Girls’ Interest in Science 


Sheryl A. Tucker,"* Deborah L. Hanuscin? Constance J. 


rls’ interest, participation, and 
achievement in science decline as 
advance in grade levels (J). For 
‘example, in fourth grade, the number of girls 
and boys who like math and science isabout the 
., but by cighth grade, twice as many boys 
asgirlsshowan interest inthese subjects (2). As 
the career expectations of eighth-grade stu- 
dents affect actual career outcomes (3), this 
interest deficit among girls may contribute to 
the continuing gender gap in science, particu- 
Jarly in terms of labor market outeomes (4). 

Informal out-of-school programs have been 
shown to increase girls” interest and participa 
tion in science (5-7), Successful programs 
incorporate hands-on activities role models, an 
‘emphasis on practical applications, and prac: 
tices that promote equitable leaming environ- 
ments for girls (6, 8) table S1). Although the 
research ismixed, single-sex programs can pro- 
vide a supportive learning environment for 
sirls (6), Unfortunately, girls have fewer out-of 
school seience experiences than boys (9. 10), 
difference that may account for their lowered 
interest in school science courses (9, 7). 
Additionally, girls’ (and boys’) participation in 
such programs dwindle during the transition 
from elementary to mickle school, just as girls? 
interest in science wanes (/2), 


Program Overview 
“Magic of Chemistry” 
interest in science among girls during this 
critical transition period (/3) (see figure, 
right). The program is sponsored by the 
University of Missouri in partnership with the 
Girl Scouts-Heart of Missouri Council (4). 
The program has served more than 2500 girls 
cover the past 10 years, 

ch year, two identi urday work- 
shops for 200 Junior Girl Scouts are organized 
in conjunction with National Chemistry and 
National Girl Seout weeks. Three different 
Workshops rotate annually: Case of the 
Unsigned Letter, Fun with Polymers, and 
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arnes? 


(Chemistry of Color(s). Each utilizes American 
Chemical Society materials that reflect Nat- 
ional Science Education Standards (14-17), 
specifically Standard A: Science as Inquiry 
Workshops provide specific questions and 
data collection protocols to guide invest 
tions. The girls formulate explanations from 
evidence, connect explanations to scientific 


Chemistry program. 


knowledge, and communicate and justify their 
explanations (18). 

During the 6-hour day. small groups rotate 
through experiments. Each girl is provided 
materials at an individual station, as well as a 
scientific notebook with questions and proto- 
cols. The notebook facilitates continuity in 
learning, and demonstrations related to each 
experiment reinforce scientific concepts. 
At each experiments end. 
the girls discuss results 
and formulate a concli- 


‘Members of Troop 511 make “incrediblobs” in the Magic of 


VI 


‘A partnership between university and Girl Scouts 
‘engaged young girls’ interests in chemistry. 


cence to everyday life. The presence of prepared 
and qualified staff with sufficient knowledge 
of science is also important to the sucess of 
informal science programs (6). 


Program Assessment 
Participants from 10 workshops from 1999 
to 2006 completed postworkshop evalua 
tions, rating the workshop on 
four indicators (/9), Six of 
the 10 program evaluations 
included questions about col- 
lege and science interest, Re- 
sponses were tabulated and per= 
centages calculated based on 
the total number of completed 
‘evaluations. 

‘Open-ended questions asked 
participants to identity: what 
they learned and likes 
the workshop. Responses were. 
nalyzed using N-Vivo q 
itive data analysis softw 
(QSR Internation 
assigned using low-inference 
observation measures. Two sep- 
‘arate blind analyses of the data were com- 
pleted, and a high degree of interrater agree- 
ment (92%) was found. Codes were grouped 
into categories based on frequency, and pat- 
tems analyzed for themes. 


Outcomes, Benefits, and Follow-Up 

Workshops consistently received top ratings on 
all indicators (see chart, below). The per- 
ceived ease of each workshop 
is consistent with the level 
of difficulty of 


A tow 


ich investi- 


sion asa group. s 4a ce fon. Case ofthe Unsigned 
Even though the over . Letter contains single-step 
all program reflects best gy experiments; the other two 
practices (6) (table St), the ” ‘workshops contain muistep 
story linethat weaveseach gy cesperiments. When surveyed, 
investigation together into = adults’ views mirrored those 
acohesive unit setsMagic 192034 the partic 
‘of Chemistry apart from 9" Rating of topic At D baal On average, 81 


‘ther informal science pro- 
‘grams that rely on a series 
of disconnected. experi- 
ments, Thenarrative comes 
to life with the assistance 
of highly trained volun- 
teers including professional scientists who have 
the ability wo help girs see the relevance of sci- 


‘Summary of workshop evaluations. 
Level of A, quality; B, ease; C, interest; 
D, necessity. Data points represent the 
average scare received on the evalua- 
tions (9 = 1395 girls and n= 232 adults). 


66 to 88%) of participants 
wanted, afier the workshops, 
to learn more about science 
and science careers (see chart, 
page 1622, top, and table $2) 
Participant interest levels 
may be linked to each workshop’s perceived 
difficulty: forexample, Chemistry of Color was 
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evaluated as the most difficult and also gener- 
ated the lowest amount of interest of the three 


‘more than one workshop: 11% participated in 
three (table $6). Furthermore, a continuing 


cation system and the students’ real life, bring- 
ing context to one and insights to the other. 


1622 


‘workshops (table S2), 

Leaming outcomes 
reflect the program's 
goal of teaching girls 
about seience and its 
relevance to their daily 
lives. Although the 
‘majority of participants 
gave examples of activ- 
ities and experiments 
‘doing tie-dye") 


I Letter I oiymer Color 
100. 


interest in science has been 
ited as a reason by former 
participants who later volun- 
teer to help with the program 
(table $7). Other anecdotal 
support comes from parents 
and teachers who have wit- 
nessed girls displaying a more 
notable interest in science 
following participation. Of 
course, a longitudinal study of 


1 
2 
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ur subjective experience might t 
that events are unprecedented, 


ll us sented. Ifthe subjects were lured into thinking 
even that an imperfect copy was identical toa pre- 


though many situations that we viously shown stimulus, they would respond 


encounter from day to day have promi 


inent as if it were an exact repetition. If they suc- 


similarities and may only differ in important ceeded in detecting the small difference, they 


tail, To form separate memories for 


day and for the many events that occur within as new and would display brain act 
tis thus necessary to keep themdistinet similar amplitude as during the first 


aday, 


each would recognize the slightly altered stimulus 
ity of 
esentit~ 


by somewhat ignoring the similarities and — tion of a visual stimulus—a so-called “novelty 


emphasizing the differences. Evidenes 
stich a process, called 
has been found to occur in the hippo 
pus—specifically, the dentate gyrus and 
regions—in the rodent brain (/~5). On 
1640 of this issue, Bakker ef al. (6) 
report that the human dentate gyrus 
‘and CA3 regions have the same func~ 
tion, evidence that the contribution of 
the hippocampus to memory process 
ing is common across mammalian 
including humans. 

‘whether pattem separation 
be found in the human medi 
brain region that is 
mory storage (7) (there 
are two lobes, one each on the left 
and right hemispheres of the brain, 
‘and each contains « hippocampus). 
Bakker er al. used functional mag- 
netie resonance imaging (FMRI) 1 
investigate the incidental encoding 
‘of Visual images by human subjects 
While being scanned, subjects were 
shown images that were initially new 
to them and were then repeated alter 
approximately 30 other images had 
been shown, In this design, greater 
brain activity was seen within the 
medial temporal lobe during the first 
presentation of the images. whereas 
such activation was lower in these 
same regions when an earlier stimulus 
‘was repeated (neither observation is 
surprising nor unexpected for this 
standard procedure). 

Bakker et af. then varied the 
approach, using visual stimuli that 
\were very similar, but not absolutely 
identical, to those previously pre- 
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-¢ for signal." The authors found that only two areas 


attern separation,” embedded in the lefi and right dentate gyrus 


m= _ and CA3 regions of the hippocampus de 
CA3__ imperfections and responded with a novelty 
page signal to the slightly altered replicas. 


Brain imaging shows that, as in other animals, 
the human hippocampus has regions that help 
us keep our memories from becoming jumbled. 


In combination with earlier studies in 
rodents (/-5), the current findings show a 
striking convergence in identifying a common 
function for the hippocampal dentate gyrus 
and CA3 regions across mammalian species. 
All these studies idemtify pattern separation 
processes in specific neuronal populations in 
these regions, However, as a consequence off 
not being able to resolve neuronal activity 
between these two subregions with the cur- 
rently available technology, Bakker ef al, have 
actually detected pattern separation in the 
combined activity signal from both areas, The 
relative role of either region therefore has 

not yet been directly observed in 


Subjects Visual stimulus Neuronal processing humans, as it has in rodents (see the 
to identify similarities figure), Theoretical studies (apply- 


‘a and differences toll mammals) have 


» 0G cas 


f . 
{Location 8 


vinted to 
pronounced influence of the den- 
tate gyrus on CA3 at the time of new 
Jeaming of a separate pattern (8-10), 
which suggests that these areas may 
be functionally coupled atthe time of 
recording a novelty signal, as in the 
‘current (MRI study, 

By contrast, reeent studies in 
rodents have shown that pattem sep- 
aration may not be based on a uni- 
tary network mechanism—that is, 
the one-on-one activation of CA3 
neurons by dentate gyrus neurons 


ee butrather might rely on two types of 
Scaee@ neuronal processing activites in 


these regions. The rodent dentate 
yrus shows a more pronounced 
encoding of differences between 
similar sensory input patterns that 
ir ata single location (4). CA3 
layer of pattern separa- 
tively distinguishes 
different locations by activating dif 
ferent neuronal subpopulations 
(2-4). The latter mechanism sug- 
«gests that pattern separation is auto- 
matically achieved by neuronal net- 
‘works that can activate a randomly 
selected set of CA3 neurons at each 
new location, If such new activation 
of cells is initially not bound to com- 


‘Memory is in the details. The dentate gyrus (DG) and CA3 regions in the '™0N sensory features (//), itis an 


human and rodent brain function in distinguishing stimuli (or events) &ft 


nt process to distinguish stim- 


that may otherwise seem similar. In rodents, two distinct processes in the uli or events that would otherwise 
DG and CA3 select different neuron activation pattems for each sensory share a large number of common 


input and location. 


sensory features. 
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Itis not yet clear what the precise cellular 
mechanismsare, in humans or other animals, 
that generate novel and separate neuronal 
firing patterns (the composition of electri- 
cal impulses that neurons discharge when 
excited by a stimulus) for images that share 
a striking number of common features. 
However, the mechanisms require that neu- 
ronal firing is initially not strongly influenced 
by the large number of visual features that 
are shared between similar images (/2). It 
also remains to be determined whether neu- 
ronal processes that accentuate difference 
between sensory inputs in humans could be 
mechanistically related to those that select 
new, random neuronal firing patterns for spa- 
tial locations in rodents. 

If such strong pattern separation is not 
available in other cortical architectures of 
the brain, it could be one of the defining 
processes that make the hippocampus and its 


connected regions in the medial temporal 
lobe essential for automatically recording 
detailed memories in humans and other mam- 
‘mals. It will therefore be important to address 
whether any related separation of sensory 
inputs also occurs outside of the medial tem- 
poral lobe, although such processes might be 
‘more difficult to identify ifthey are not bound 
to novelty signals in the same way as in the 
hippocampus. Conversely, it will be impor- 
tant to find how pattern separation and nov- 
elty signals might be integrated in the dentate 
gyrus and CA3 and across the entire medial 
temporal lobe to give rise to memory for 
detailed differences but still let us see the big 
picture. Although these questions are chal- 
lenging to address even in animal models, the 
findings of Bakker et al. have paved the wi 
fora new category of imaging studies that can 
investigate neuronal network mechanisms in 
the human brain. 
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ATMOSPHERIC CHEMISTRY 


Rethinking Ozone Production 


Paul 0. Wennberg! and Donald Dabdub? 


‘ore than a hundred million people 
live in cities that fail to meet inter- 
national standards for air quality 


1s to improve conditions in these urban 
s have usually focused on reducing 
emissions of reactive hydrocarbons (such 
aas unburned wasoline vapors), nitrogen oxide 
free radicals (NO and NO,, together known as 
NO, and primary and secondary sources of 
particulate matter (such as diesel smoke 
\d sulfur dioxide). Control strategies have 
changed over time in response to evolving 
understanding about atmospheric photochem- 
istry and the impact of urban emissions on air 
ity downwind of cities (/, 2). The results 
reported by Li eral. on page 1657 of this issue 
(3) may require another rethinking of these 
control strategies. 

There are three essential ingredients for 
producing ozone, O,, in urban atmospheres: 
sunlight, NO, .and hydrocarbons (see the first 
figure). Ozone production chemistry is initi- 
ated when hydroxy! free radicals, OH, are pro- 
duced from water vapor. Classical theory sug- 
gests that the O-H bond in water is broken by 
excited-state oxygen atoms produced in the 
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photolysis of ozone. In the atmosphere, OH 
oxidizes hydrocarbons to produce peroxy rad- 
icals, RO, (where R isa hydrogen atom or ear- 
bon-containing fragment), In the presence 
NO,, the RO, radicals convert NO to NC 
subsequent photolysis of NO, yields O,, 

When suficient amounts of NOare available, 
the chemistry is catalytic: For each OH pro- 
duced from water, many hydrocarbons can be 
oxidized and large amounts of ozone pro- 
duced. However, when NO, levels become 
high, the loss of OH to nitric acid, HONO,, 
slows the reactivity, and the rate of ozone pro- 
duction drops. As a result, in many citi 
including Los Angeles, ozone levels are gen- 
«rally higher on weekends, when NO, levels 
are lower due tothe lack of truck traffic. 

Li eral. add another level of complexity 10 
the story. In laboratory experiments, they 
show that excited-state NO, (denoted NO, 
may also break the O-H bond in water. yield- 
ing OH and HONO. NO,* is produced in the 
atmosphere when NO, absorbs sunlight 
between 400 and 650:nm. Lier al. find that for 
typical urban conditions. | in 10,000 of the 
NO,* molecules produced reacts with HO to 
produce OH and HONO. Despite this low 
ency. the rate of OH production from 
),* in urban atmospheres can be compara- 
ble to the classical OH source (ozone photo! 
sis). The amount of OH produced from NO, 


Laboratory data suggest that atmospheric 
models are missing a source of hydroxyl, 
‘which plays a central role in tropospheric 
‘ozone production, 


‘Ozone chemistry. When NO and NO, are present, 
, is produced in the catalytic oxidation of hydrocar- 
‘bons by the OH radical. Classical theory suggests 
that the chemistry is initiated when OH is produced 
after the photolysis of ezone inthe presence of water 
vapor (purple) Li et al. find that the 0-H bond in 
water can also be broken by excited-state NO, (ed) 
This chemistry increases the amount of OH and thus 
©, production 
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Percent increase in ozone 
‘More pollution? Photochemical simulations for 27 to 29 August 1987 in the South Coast Air Basin of 


California were obtained with and without including the OH source from NO, 


scribed by Li et al. Shown 


are the percentage increases in ozone concentrations inthe afternoon due to the NO,” chemistry 


scales linearly with the amount of NO, in the 
atmosphere. The net result is that the caleu- 
lated ozone production rate is highet 
tion, the maximum ozone produ 
uursat higher NO, concentrations. 

We have performed model simulations 
of air quality in the Los Angeles basin for a 


with and without the NO,* source of OH, 
With the NO,* source, ozone concentra- 
tions are calculated to be much higher 
throughout the city, with increases of up to 
55 parts per billion; percentage increases in 


ozone concentrations are as high as 30 to 
40% (see the second figure). The most 
affected area is downwind of the city, near 
Riverside, where NO, is most abundant 
Aerosol levels are also affected, especially 
near Riverside, where small particle con- 
centrations (diameter <2.5 um) increase by 
20 g/m’. 

(Our simulations that include the NO,* OH 
source generally overestimate the observed 
distribution of O, in Los Angeles. Isit possible 
that the rate constant reported by Li eral. is t00 
Jarge? Perhaps. Followinga suggestion by Paul 
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‘Crutzen that the reaction of NO,* with H,O. 
might be important, Crowley and Carl studied 
this chemistry a decade ago (6). They found 
that the rate ofthe reaction with H,O was more 
than an onder of magnitude slower than deter- 
‘mined by Li et al. When we used this slower 
reaction rite in our model, we obtained a 
smaller, but still significant, air quality impact; 
‘Ozone concentrations increase by up to 10 
parts per billion and the small-particle concen 
tration by up to 10 g/m, 

The experimental approach used by Li 
et al. differs slightly from that used by 
Crowley and Carl, but it seems unlikely that 
this alone explains the different findings. We 
find no obvious problem with either study, 
Given the potential importance of this cl 
istry and the high sensitivity of atmospheric 
models to the reaction of NO,* with H,0, 
further investigation is clearly needed, 
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MATERIALS SCIENCE 


Who Wins the Nonvolatile 


Memory Race? 


G.I. Meijer 


T= semiconductor industry has long 
power memory device that retains its 
data even when the power is interrupted. 
Therefore a concept called resistance-change 
memory, in which a change in how easily cur- 
rent can flow through a material is exploited to 
store a memory bit, has recently sparked sci- 
entific and commercial interest. Can this con- 
cept surpass the performance of state-of-the- 
art device 
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DRAM (dynamic random-access memory), 
which is omnipresent in today’s computer 
must be powered continuously to keep its 
memory state. So-called flash memory. on the 
other hand. is nonvolatile, but this advantage 
‘comes at the price of a slow write speed and a 
limited number of write/erase cycles. Flash 
memory therefore cannot be used in a com- 
putter’s main memory, which must frequently 
be rewritten. Instead, flash technology is 
restricted to applications that require neither 
h speed nor unlimited endurance, such 
as solid-state hard disks and storage media 
for digital cameras and cellular phones. 


‘New memory concepts may lead to computer 
systems that do not require a lengthy start-up 
process when turned on. 


Nonetheless, flash memory represented about 
a third of the USS 60 billion memory market 
in 2007. 

Traditional memory technologies are rap- 
idly approaching miniaturization limits as the 
industry moves toward memory cells with 22- 
nm lateral features projected for 2016 (/). The 
reason is that they are based on charge stor- 
‘age—and it becomes increasingly difficult to 
reliably retain sufficient electrons in these 
shrinking cells. Magnetic and ferroelectric 
random-access memories, which are currently 
used inniche markets, share this struggle with 
scaling. Or, to adapt the famous quote from 
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Feynman (2): There isn’t plenty 
‘of room at the bottom anymore. 

Nonvolatile memory con- 
cepts aimed at the horizon 
beyond 2013 are based on resist- 
ance change rather than change 
storage (see the figure). They 
include (i) phase-change mem- 
ory in chaleogenides, (ii) pro- 
grammable-metallization-cell 
memory in solid electrolytes, 
ince-change mem- 
ory in transition-metal oxides. 
But which of these three candi- 
dates is the most likely to win 
the race’ 

‘The most mature candidate is 
phase-change memory. Pioneered 
by Ovshinsky in the 1960(3), i 
has gamered significant interest 
over the past few years and is, 
now being actively pursued by 
all leading chip makers. Phase- 
change memory relies on a resistance change 
between the ordered crystalline state and a 
disordered amorphous form of a chal- 
cogenide material such as Ge,Sb,Te,. Elee= 
trical heating momenta 
lume of the chale 
which then, depending on the amplitude and 
duration of the electrical signal applied, 
solidifies into a crystalline low-resistance 
state or into an amorphous high-resistance 
state (4). These states represent the Is and Os 
of'stored digital data. 

The key ingredients of the second candi- 
date, programmable metallization cells, are 
‘mobile metal ions embedded in an electrolyte 
u2lass matrix, for example, Ag or Cu in GeSe 
(5. 6), Electrical pulses of opposite polarity 
applied t these memory cells switch the 
resistance between a low- and a high-resist~ 
ance state, Electrochemical reduction and oxi- 
dation of the metal ions in the glass leads to 
ation and annihilation of a nanoscale 
metallic protrusion that forms a bridge 
between two electrodes. 

Resistance-change memory in transition 
‘metal oxides, ranging from perovskites such 
as SITIO, to binary oxides such as NiO, has 
attracted the interest of the research commu 
nity (7-9). In this third contender, electrical 
pulses of opposite polarity switch the resist- 
ance reversibly between a high- and a low. 
resistance state, The resistance switching was 
initially thought to be of electronic nature, for 
example, related to strongly correlated 
electrons in the transition-metal oxides or to 
charge trapping near the electrode interface. 
However, in view of the wide range of materi 
als exhibiting this effect, an altogether differ- 


State 1 conductive 


State 0 resistive 


melts a small vol- 


Resistance-change memory concepts. (Left) Phase change between a crystalline 
{and an amorphous Ge,Sb, Te, chalcogenide. (Middle) Creation and annitilation of a 
metallic Ag protrusion in a GeSe solid electrolyte. (Right) Creation and disruption of 
2a pattern of missing axygen atoms in a SrTiO, transition-metal oxide. Background. 
pattern shows a micrograph of a semiconductor water with SrTiO, memory devices. 


cent physical mechanism seems more likely, 
‘What all these materials have in common is a 
mixed-valence transition-metal ion (Ti?*-Tit* 
for example) and mobile oxygen vacancies. 
Movement of oxygen vacancies in the applied 
electrical field probably plays the dominant 
role (/0). This oxygen-vacaney drift modu- 
lates the valence of the transition-metal ion 
and thus the conducting state. 

How do the attributes and challenges of 
these contenders compare? All three have the 
potential of excellent scaling to the projected 
32-nm lateral device features in 2013 and 
beyond. For programmable metallization 
cells, for example, researchers demonstrated 
that a metallic bridge can be sealed control- 
lably down to 0.5 nm(1/).A simple memory 
cell structure (one-transistor/one-te 
‘one-diode/one-resistor), combined with mul- 
tiple-bits-per-cell storage, also guarantees a 
competitive storage density. In addition, the 
relatively fast write time (10-ns range) satis- 
fies the requirements for a flash and DRAM 
replacement. Low-power operation is 
lenge mainly for phase-change memory—an 
issue, however, thatis alleviated as the devices 
get smaller. Itis expected that the power diss 
pation required to melt the chalcogenide vol 
ume can be further reduced by appropriately 
tailoring the chalcogenide properties and 
‘memory-cell design (/2), 

The commercial success of the three con- 
tenders will hinge on reliability, especially as 
moving atoms around in the memory cells 
causes degradation and data-retention issues, 
Phase-change memory is the technology that 
is furthest advanced, with demonstrated man- 
ufacturability (13). risk factors the cycling 


endurance of ultimately scaled 
devices. Hence, we need exper- 
iments elucidating the melting 
and reerystallization behavior 
of nanoscale-volume chalco- 
genide glasses when interface 
effects start to prevail. 

The other two candidates 
are at a “proof-of-concept” 
stage, Which makes reliability 
‘assessment somewhat prema- 
ture. For programmable metal~ 
lization cells, the robustness of 
the cycling endurance and 
data-retention time at elevated 
temperaturesmust be addressed, 
Forresistance-change memory 
in transition-metal oxides, the 
key challenge is reducing fluc- 
tuations in the switching para- 
meters. A direct proof of whether. 
‘oxygen vacancies are responsi~ 
ble for the resistance switching 
‘would be crucial, On the other hand. the ran- 
sition-metal oxide concept offers compelling 
advantages in terms of compatibility with 
microprocessor fabrication technology. In 
addition, transition-metal oxides with their 
rich properties could possibly provide 
superior alternative resistance-change effects 
that are of electronic nature, One could envi- 
sion memory effects based on, for example. 
bbandwidth-controtled metal-insulator-tran- 
sition of Mott insulators (/4), which is a first- 
order transition and exhibits a hysteresis, 

Phase-change memory has emerged as the 
direct challenger of flash memory and maybe 
eventually also of DRAM, but it remains to be 
seen which approach will be the first to make 
its commercial debut, 
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NEUROSCIENCE 


A Protoplasmic K 


Martin Korte 


Japturing and storing information in an 

( efficient and long-lasting way is a 
‘tremendous task for the brain: While 
processing continuous flow of sensory infor- 
‘mation it must store memories, sometimes for 
lifetime. What are the cellular foundations of 
this long-term storage capacity in the brain? 
One hypothesis is that functional changes 
in neurons are transformed into structural 
changes. The psychologist Donald Hebb pro- 
posed that both processes could be imple- 
‘mented if information is stored in connections 


(synapses) between neurons rather than within 
a single cell (/), On page 1683 in this issue 
Tanaka et al, (2) tackle the question of how 
functional changes are transformed into struc- 
tural changes. Remarkably, itis the smallest 
element of a neuron’s architecture 
dritie spine 


the den- 
where these critical structural 


‘A neuron may contain many 
spines, branched protoplasmic 
extensions from dendrites that 
form synapses with other ne 
rons, Spines conduct electrical 
signals when stimulated by con- " 
necting, presynaptic neurons (as 
occurs among pyramiclal neurons 
in the mammalian hippocampus). 
Spine density. as well asthe shape 
and extent of neuron’s dendritic 
arbor, strongly influences new- 
ronal funetion and, in turn, és pro- 
foundly influenced by neuronal 
activity (3). Despite the wealth of 
data showing that neuronal activ 
ity controls the morphology and 
function of neuronal networks. 
the cellular and molecular mech- 
anisms that translate activity into 
Jong-lasting structural and fuune~ 
tional changes have remained 
largely unknown, Tanaka er al. observe fune- 
tional plasticity and structural changes at sin- 
le spines. without affecting neighboring 
spines, and unravel some of the underlying 
molecular mechanisms. 

Tanaka ef al. stimulated single spines of 
cultured rat pyramidal neurons by repetitively 
exposing them to the neurotransmitter gluta- 
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imate, Atthe same time, postsynaptic electrical 
activity (spikes) were induced. Using this 
paired protocol, the authors observed gradual 
‘and persistent enlargement of the spine head 
‘only when postsynaptic spikes were precis 
correlated with glutamate release (see the fig 
ure), This enlargement occurred only in single, 
activated spines. Because of the high accuracy 
of glutamate uncaging by a precisely pointed 
laser beam (two-photon microscopy), neigh- 
boring spines were not affected. The electro- 
physiological results showed an increase in 
functional changes of synapses as well (gluts- 
mate-inadoced currents in spines were larger). 
In addition, whereas the spine-head volume 
increased with the paired protocol, the spine 
length was reduced. At the same time, the 
spine nech sased in thickness, making the 
spine environment less isolated from the 
underlying dendrite. The observed high cor- 

relation between pre and 

Postsynaptic activity agrees 

with the Hebbian rule that 


timing (associativity) of 

a and input speci- 
impulse feity is critical to trans- 
signal axon forming functional neuronal 


changes into structural 
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During establishment of long-term memory, 
protein synthesis, regulated by neurotrophins, 
affects the morphology of synaptic structures. 


changes, also referred to as spike-tim- 
ing-dependent plasticity (4). 

Protein synthesis can regulate synaptic 
plasticity (5), and indeed, Tanaka etal, could 
block the enlargement of spines by inhibiting 
synthesis. In addition, the authors 
i the neurotrophin brain-derived 
neurotrophic factor (BDNF) isnvessary and 


pose, THK, ae ot ony tant a 
lators of activity-dependent synaptic plastic- 
ity (6), but maintain synaptic plasticity as 
well (7), Tanaka et al, focused on postsynap- 
tic changes, as earlier studies have done (8), 
and conclude that BDNF release from a post- 
synaptic neuron depends on postsynaptic 
kit 


BDNF directly, due to the low abund: 
BDNF in the brain (9). Other explanations for 
requiring this factor are possible, For exam 
ple, BNF can act presynaptically as well as 
postsynaptically (/0), and therefore could 
change synaptic function and morphology 
‘on both sides of the synapse, Alternatively, 
because the TrkB receptor can also be acti- 
vated by another receptor type in the spine, 


5 suggesting an autocrine function of 
BDNF. But they could not show the release of 
of 


Spine growth and memory. When glutatmate binds to postsynaptic N-methyl-o-aspartate (NMDA) receptors 
in the dendritic spine membrane, and postsynaptic electrical signals are induced, there is a coincidence of 
pre- and postsynaptic activity. Only then is BDNF released in high amounts by the postsynaptic neuron, 
activating TrkB receptors in the spine. This initiates local protein synthesis necessary for structural changes in 
the spine, which may be linked tothe formation of long-lasting memories in the hippocampus. 
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such as a G protein-coupled receptor (11), 
TrkB could act as a coincidence detector 
of modulatory synaptic input and BDNF 
release, Nevertheless, the link between BDNF 
and possible local protein synthesis is impor- 
tant (12), as the latter is the bottleneck for the 
persistence of synaptic plasticity. Future 
research will need to determine if the newly 
‘manufactured proteins not only change the 
shape of a spine, but also “tag” a synapse for 
further activity-induced changes (/3), or 
censure that plastic processes can happen in 
the future (14). 

Ieremains to be shown how TrkB receptor 


signaling can influence the cytoskeleton of a 
spine to change its morphology by regulating 
local protein synthesis. Tanaka er al. had 
to supply neurons with the cytoskeletal pro- 
tein B-actin to observe the gradual spine 
enlargements, Ultimately, data from cultured 
neurons will need to be integrated with data 
obtained in vivo. 
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Are Volcanic Gases Serial Killers? 


Bruno Scaillet 


olatiles released by volcanic erup- 
\ ] tions are often cited as a possible 
‘cause of major environmental changes. 

On a decadal time scale, at least, the connee- 
tion between volcanic eruptions and climate 
‘was firmly established afterthe 1991 eruption 
of Mount Pinatubo, Philippines, whose 
climate afiermaths have been extensively 
documented and modeled (/), The remaining 
debate concerns the effect of magmatic 
volatiles on long-term climate trends (2). On 
page 1654 of this issue, Selfer a. (3) fil inthe 
picture of what wases have been released by 
volcanoes, and how much, during the so- 
called flood events, Such events are the most 
important voleanie eruptions that occurred on 
Earth. They are produced by mantle upwelling 
and its partial melting. 
basalt (a magma poor in silica) outpouring 
‘with volumes often exceeding I million km’. 
Earth voleanie activity is one of the two 
leading scenarios proposed to explain the pat- 
tern of mass extinctions in the Phanerozoic 
(the last 545 million years) the other involv- 
ing asteroid impacts (4). To assess the vol- 
canic hypothesis, we need to know the age and 
duration of volcanic events and the mass and 
nature of volatiles being released. Although 
decisive progress has been made in recent 
years concerning age and duration, confirm- 
ing the geologically narrow interval (less than 
1 million years) during which most flood 
basalt is discharged (5), almost no informa- 
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tion is available on the latter aspects. As a 

sult, the volatile yields of voleanic activity 
have been estimated by assuming that the 
volatile content of flood basalts is similar to 
that of their modern counterparts at mid- 
‘ocean ridges, However, there is no. priori rea- 
son why this should be so, 


Self et al. (3) report the first analyses of 


sulfur in glass inclusions found in the Deccan 
basalts in west-central India. These ancient 
eruptions have been proposed by some as one 


Environmental consequences of ancient 
eruptions can be estimated by analysis of 
glass inclusions trapped in minerals present 
in ava flows, 


of the important players of the Cretaceous- 
Tertiary mass extinction (6). The finding 
demonstrates unambiguously that the eapsic- 
ity of Deccan basalts to discharge sulfur into 
the atmosphere was similar to that of present- 
day erupting basalts. Trivial though this piece 
of evidence may seem, it now allows us to 
use with some confidence climate scenarios 
derived from the study of recent basalt out- 
bursts, such as the 1783-1784 Laki eruption 
in Iceland (7), asa proxy for the likely envi- 
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Volatile situation. the mantle plume hits the base ofthe crust, whether oceanic or continental, which, via 
dykes intrusion, heats up, and eventually partially melts, producing magmas rich in silica (rhyolites). Local 
basalt accumulation in the upper crust produces reservoirs whose cooling may also yield rhyolite. Both 
basalt and rhyolite magmas, in addition to crystals hosting melt inclusions, may contain gas bubbles (inset) 
in which some volatile species (HCl, HBr, CO,) may be concentrated. Heating by magmatic intrusions may 


release CH, or CO, species. 


ronmental consequences related to cata- 
strophic flood events (8), albeit on a much 
smaller scale. 
This understanding of volatiles from the 
work of Self er a/., although clearly a decisive 
step forward, is far from complete, however. 
‘Theauthorshave reasonably focused on quain- 
tifying one of the species to which climate is 
highly sensitive, Sulfur, along with CO,. 
indeed reigns supreme in almost all models 
proposed so far to correlate mass extinctions 
‘ith flood events, although each has opposite 
effects (2), Other volatiles may also have 
altered the climate, however, in particular 
halogens (F, Cl, Br, 1). In addition to having 
regional devastating effects (9), halogens may 
dramatically affect both tropospheric and 
stratospheric chemistries, with severe impacts 
‘on the ozone kayer. 
According to Selfer al. the Deccan basalts 
were quite rich in Cl, and possibly in other 
halogens as well. as compared to their oceanic 
‘counterpart. Yet, their derived figure of 1 Tg 
10? g) of HCI per kny of erupted magma 
may well be a lower bound, Some researchers 
have proposed on the basis of calculations 
that basalt-forming floods may have been 
extremely H,O and CO, rich, with combined 
amounts of up to 4 weight % (70). A conse- 
‘quence of such an elevated volatile content is, 
that basalts may be saturated with gas at depth 
(see the figure), in which case the gas phase 
\ill store a considerable, ifnot dominant, part 
of the halogen budget, a factor not considered 
in climate models. Yet. given the colossal 
‘amounts of magma erupted, the amount of 
halogens delivered to the atmosphere may 
have been dramatic as well, and it is not cer~ 
tain that lessons derived from the Pinatubo 
eruption (/7), which was three orders of mag- 
nitude smaller than the Deccan eruptions, 
‘equally apply to Mood events. Quantitative 
evaluation of the amounts of F. Cl. and Br 
released during magmatic flood activity, and 
of their possible effects on atmospheric chem- 
istry, should be a priority for future research. 
Several uncertainties remain, unfortu- 
So far, attention has been focused on 
the volatiles released by the basalt component. 
Yet. the composition of several flood pro- 
vinces has two peaks (/2), with a more or less 
prominent silicic component, whose volatile 
yield must also be evaluated. Contrary to the 
ed wisdom (2), it has been shown that 
ilicie floods may have propelled enor- 
mous amounts of sulfur into the atmosphere, 
equivalent to those released by basalt (/3). 
The reason lies in the different modes of 
silicic magma flood production, which in 
turn depend, among other things, on the locus 
‘of plumes that give rise to flood magmas 
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(beneath the continental or oceanic crust), and 
oon the frequency of basalt intrusion in the 
cerust (/4). A last complicating factor is due to 
thermal effects of basalt intrusion on crustal 
rocks: Upon heating. these may release addi- 
tional volatiles such as CH, (/5) or CO, (16), 
in amounts much larger than the pristine eon- 
tent of the magma. 

Thus, the geological evidence suggests 
that the volatile-induced climate response to a 
flood event may not be unique, and the above 
list of potential influential factors has to be 
evaluated on a case-by-case basis. The possi- 
ble lange variation in release of volatiles from. 
flood basalt eruptions offersan explanation as 
to why some of these massive magma out- 
bursts are associated with worldwide biologi- 
cal crisises while others are not (2). Besides 
highly precise geochronological and mass 
data, the complete elucidation of this particu- 
Jar volcano-climate connection needs careful 
and detailed petrological understanding of 
magmas erupted and of the rocks they have 
passed through, in addition to the determina- 
tion of how the eruptions occurred. When 
such a consolidated database is available for 
each of the dozen or so flood sequences s0 far 
documented, then climate models may come 
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into play and tackle the environmental conse- 
quences associated with these massi 
‘magma floods that have punctuated the last 
350 million years. Then, and only then, will 
the geological community be in position to 
prove either rightor wrong that putative causal 
Tink between mass extinctions and voleanism. 
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Titan's Hidden Ocean 


Christophe Sotin' and Gabriel Tobie? 


Data from the Cassini-Huygens mission indicate that an ocean may exist beneath the solid surface 


of Saturn's moon Titan. 


hen the Cassini-Huygens mission 
began to observe Saturn's moon 
Titan in 2004, its surface was 


believed to be covered by a global hydrocar- 
bon ocean. Yet the first radar images of its 
surface, taken by the Cassini spacecraft in 
‘October 2004, together with the data col- 
lected when the Huygens probe descended to 
Titan’s surface in January 2003. showed 
‘most of it to be solid. Since then, geological 
features such as dunes, channels, lakes, 
impact craters, and putative eryo-voleanic 
structures have been documented. Three 
years after their discovery. Cassini is starting 
to observe these features for a second time. 
‘On page 1649 of this issue, Lorenz er al. 
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report a systematic drift of these features, 
which leads them to conclude that Titan has 
an ocean buried below several tens of kilo- 
meters of ive (/). 

Titan's dense methane-rich atmosphere 
makes it impossible to see the poles and use 
them to determine the spin axis. Scientists 
have assumed synchronous rotation (Titan 
always present the same face to Saturn) and a 
spin axis perpendicular to the rotation plane 
of Titan around Saturn, However, using this 
reference frame, features observed by the 
Cassini radar instrument for the second time 
were displaced by several tens of kilometers. 
Using these data, Stiles eal. (2) have shown 
that Titan's obliquity is about 3° and that 
Titan spins 0.36° per year faster than 
synchronous spin. In 2005, Tokano and 
Neubauer (3) predicted Titan’s spin rate to 
vary. because angular momentum is ex- 
changed between the atmosphere and the icy 
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Exploring Titan. (Top) Titan orbit: 
sm travel around the Sun in about 
Titan. 


around Saturn wi 
Dyears, andit 


itan (see cut-open section), but other explanatio bse tscannoty. 
‘nominal Cassini mission, it was winter in Titan's 9 hemisphere (le. Season 
the surface would explain why the obs n rate is nonsynchronous, a 

predicts variations in the direction of the winds that affect the spin rat p 


‘mission is extended tc 


ver the vernal equinox (middle) and tt 


crustas the 
ally m 
tion would not exist if the crust were coupled 
to the internal solid core Xc 


Lobal wind circulation is 


wlified (see the figure). Such a varia- sonal atmospheric cycle and/or from effect 


in Titan's interior (6). Gravitation 


n with the deep interior and the gravita: 


Lorenz er al, now make the link between tional field of S: 


urn could reduce the free 


the model predictions (3) and the observa- motion of the icy crust and delay its differe 
tions (2) and conclude that an internal ocean tial rotation, Such gravitational couplings 
of liquid water is present. This finding isin result from the nons 


the shell, which 
induced by Sat 
the tidal by 


reement with previous models of Titan's 
evolution (4, 5) that predicted an ammonia: 


y tidal forces 


rich deep ocean, Ifthe presence ofan ocean 
is confirmed, Titan would be the fourth 


object in the solar system with a deep to the reference system. The observed drift 
‘ocean, after the Galileo mission found such reported by Lorenz et al. indicates that the 
liquid layers in Jupiter's moons Ganymede, _ motion is permitted; hence, the mean vis 


y of the 


wer crust must be low enc 


Callisto, and Europa, Large reservoirs of — ec 
water, a condition for life to form and for the tidal bulge tw remain pointed to 


develop, are thus 
solar system, 


ward or westward depending on the season. 


However, the observations and model The observed spin rate thus st 


predictions do not correlate very well [see 
fi 


only the presence of an internal ocean, but 


ire 2 in(J)]. The discrepancies may result also a soft lower crust 


1630 


SCIENCE 


Alternatively, recent results by 
Noyelles et al. (7) suggest that the 
pparent faster rotation of Titan may 
be the consequence of a periodical 
motion of the pole (wobble), on 
longer time scales than the seasonal 
forcing. For specific moment-of 
inertia values, the combination of 
the spin and wobble motions could 
lead to the rotation period inferred 
by Lorenz er al, Another explana 


1¢ Impact 
although there is no evidence for a 
major basin induced by an impact 


event in the past I million years. 
Future observations by the Cas- 
sini mission will help to test 


he 
al. Spec 
ifically, the predicted variations of 
the spin rate in the next 10 years can 


pretation by Lorenz. ¢ 


be checked by extending the Cassini 


mission (see the figure), If 
the comin; 


we spin 


years, then another 


process must be responsible for the 
ponsynchronous state of Titan 
The finding that Titan is not in 


an impor 
tant discovery of the Cassini mis: 


sion, If the interpretation that Titan 


has an internal ocean is supported 


‘ yer Measurements, then Titan i 


and where liquid w 


is present 
Data from Titan could then help to 
elucidate the formation of organic 
ini material in an icy satellite, and to 
address the question of whether this, 
‘ocean could be habitable 
With its dunes, lakes, channels, moun 
tains, and eryo-voleanic features, Titan i 
an active place that resembles Earth, with 
methane playing the role of water and ice that 


of silicates. The study of geological processes 


acting on these different m 


terials by Cassini 


Huygens and future missions will help us 


understand the cycle of the elements and 
onganic molecules that play a key role in the 


formation and evolution of life 
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Nanominerals, Mineral Nanoparticles, 
and Earth Systems 


‘Michael F. Hochella Jr.,”* Steven K. Lower,? Patricia A. Maurice,? R. Lee Penn,* Nita Sah« 
Donald L. Sparks,® Benjamin S. Twining? 


‘Minerals are more complex than previously thought because of the discovery that their chemical 
properties vary as a function of particle size when smaller, in at least one dimension, than a few 
nanometers, to perhaps as much as several tens of nanometers. These variations are most likely 
due, at least in part, to differences in surface and near-surface atomic structure, as well as crystal 
shape and surface topography as a function of size in this smallest of size regimes. It has now 


and the smallest mineral colloids, has been 
known fora long time. What has been generally 
recognized more recently is that nanominerals 
and mineral nanoparticles commonly behave 
differently as a function of their size within the 
nanoscale size range. Mineral nanoparticles also 
behave differently than langer micro= and maero- 
scopic crystals of the This 
observat 


nitions vary somewhat, depending on the source 
the general consensus is that minerals 
naturally occurring, crystalline substances having 
a chamscteristic and defined chemical compo- 
sition (or compositional range in the case of solid 
solutions). For any particular composition, each 


been established that these variations may make a difference in important geochemical and 
biogeochemical reactions and kinetics. This recognition is broadening and enriching our view of 
how minerals influence the hydrosphere, pedosphere, biosphere, and atmosphere. 


‘ost physical, chemical, and biological 
Miss tah sit ni 

cnced to some degree or fully driven 
by the properties of minerals. But with only about 
4500 mineral species presently deseribed, not 
many relative 1 millions of prokaryotic and 
‘eukaryotic species combined, thei y and 
wwe of influence may seem, by comparison, 
ely modest. Minerals exert their influc 
the bulk of this rocky planet and 
having a wide ran 
that is expressed ina marked diversi 
and chemical properties. Now we are gaining a 
much better appreciation for another aspect of 
mineral diversity —that which is expressed in the 
nanoscale size range (/-3). Here, atomic and 
electtonic structure of nanoparticles may. vary 
With size even without a phase transformation, 
and surfie-to-volume ratios change dramatical 
ly. Such particles are minerals that are as small as 


cof composition and structure 
phy 


ical 


roughly 1 nm and as large as several tens of 
nanometers in at least one dimension, Limiting 
size in one, two, or three dimensions results in 

nanofilm (or nanosheet), « nanorod, or a nano- 


particle, respectively. Minerals ean be found in all 
fof these shapes, although this review will 
ie on nanoparticles. Nanominerals are 
defined here as minerals that ony exist in thi 
size range; that is, one will not find their 
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mineral expresses a set of specific physical and 
chemical properties, Nanominerals ane) mineral 
nanoparticles satisty these eiteria, except that 
even with a fixed composition, they express a 
range of physical and chemical properties 
depending on their size and shape. 


equivalent at sizes larger than this. Wellsknown 
‘examples include certain lays.as wellas iron and 
manganese (oxyhydrjoxides (with ferihyarit 
an iron oxyhydroxide as a type example). Mi 
«ral nanoparticles ane minerals that can also exis 
larger sizes, and these probably include most 

‘ofall known minerals 
The importance of certain types of nano- 
ral nanoparticles, namely lays 


Origin, Occurrence, and Distribution 
Under the influence of either abiotic or biotic 
1 minerals go through a nanophase 
formation, In most eases, this st 


are high and growth rates are slow, as well as 


> Mn?*(aq) 


Fig. 1. An example of the cycle of nanomineralogy and nanogeoscience research. (A) Mineral 
nanoparticles (hematite, in this case) of different sizes and/or shapes are synthesized (23) so that they can 
be systematically studied. (B) Wet chemical experiments that simulate some aspect of interest in a natural 
setting are run; in this case, hematite nanoparticles are used to catalyze the oxidation of aqueous Mn™*, 
resulting in the formation of a manganese oxyhydroxide (23). (C) Examples may be found in nature (42) 
that closely compare to systems studied in the lab (23); a Nin hydrous oxide nanomineral (a vernadite-like 
phase making up the darker areas and “strings” in the image to the right nanocrystals of this mineral are 
‘shown at high resolution in the image to the left), which is intimately associated with ferrihydrite (the 
medium gray areas in the image to the right), contains relatively high concentrations of several toxic 
heavy metals and is important in toxic metal transport in the Clark Fork River Superfund Complex in 
‘Montana (D). With field observations, laboratory experiments are refined or created anew [back to (A)]. 


SCIENCE VOL319 21 MARCH 2008 


1631 


| REVIEWS 


1632 


Where aggregated growth of mineral nanopar- 
ticles (4) is nota dominant process, nanominerals 
and mineral nanoparticles. will form and can 
Persist. Mineral nanophases forming under biotic 
processes, or nanobiomineralization, may in- 
Vole bucterally driven redox reactions of ague- 
‘ous species associated with some cell function, 
such as sequestering a toxic metal or storing. a 
micronutrient, which often result in manosize 
minerals (5, 6). Mineral weathering. also com- 
monly generates nanosized primary or secondary 


als and mineral nanoparticles are 
common and widely distributed throughout the 
atmosphere, oceans, groundwater and surface 
\waters, soils, in andor on most living organisms, 
and even within proteins such as ferritin. Their 
‘occurrence is more limited in crustal or mantle 
rocks, but they do exist in these rocks, and they 
‘ean even influence deep Earth processes. Al 
though the overall mass distribution of nano 
minerals and mineral nanoparticles in the Earth 
‘system is not known at this time, the oceans may 
be the principal reservoir for them. Riverine, 
glacial, and acolian supplies of nanoparticles 10 
the world’s oceans are lange, with global 
biogeochemical consequences (7. 

In the atmosphere, the mass of mineral dust 
derived annually from windblown arid and 
semiarid lands, and secondarily from agricultural 


wf & 


OZnm 


fands. far excoeds the average mass of mineral 
dust derived from vokeanic emissions, as well as, 
biological debris (9). The only large atmospheric 
inputs of natural particles that rival all of these 
sources are the halite and hydrous sulfate 
aerosols from sea spray (/0). The total volume 
‘of atmospheric mineral particles is dominated by 
particles that are larger than 100 nm, but 
‘numerically, most are nanoparticles less than 3O 
1m in size (11). The cumulative surface area of 
these nanopartickss és considerably fess than that 
Of the larger particles, but it is still notable (17). 
Mineral dust, including mineral nanoparticles, is 
istributed globally from its source regions by 
\way of atmospheric circulation pattems. Climate 
change is projected to play the key role in var- 
iations of mineral dust origins and distribution 
pattems of the future (72, 13). 

In addition to mineral growth or weatherin 
nanoparticles can be generated by mechanical 
grinding associated with eanhquake-zenerating 
faults in Eanh’s crust. The presence of fult- 
related fine-grained rock fragments, containing 
mineral nanoparticles down 10 10 to 20-nm in 
size, is likely to be important in fault mochanics 
(4, 15). Nanomineralogy is also important 
places where the presence of nanominerals and 

ineral nanoparticles would not necessarily be 
anticipated. For example, nanoparticles of the 
high-pressure silicates ring woodite and wadyle 


Fig. 2. Examples of how ferric iron occurs in the environment, ranging from the molecular to 
macroscopic scales. (Left) Molecular ferric oxide states, including an octahedrally coordinated 
monomer hexaquairon Ill (53), top] and oligomer [trimer cluster (54), bottom] with Fe?* (smaller 
dark red spheres), oxygen (larger light red spheres), and hydrogen (ight pink spheres), These 
molecules are hydrogen-terminated but should only be considered approximations of actual 
aqueouslenvironmental states. (Middle) Polyhedral representations of 1- and 5-nm hematite 
(Fe30s) nanoparticles. Each polyhedron represents an Fe®* in octahedral coordination with oxygen. The 
thickness ofthe 5-nm particle should be typically several (roughly five to seven) octahedra layers (23) 
‘and that of the 1-nm particle should be just a few octahedral layers. (Right) (Top) HRTEM image of 
hematite nanoparticles from Namibia (Africa) (sample courtesy of the Smithsonian Institution research 
<ollection); (Middle) TEM image of an unoriented aggregate of 3- to 5-om hematite crystals Gtippled 
portion of the image) from an acid mine drainage site in Montana (USA) (55); (Bottom) photograph of 
macroscopic specular hematite (courtesy of R. Lavinsky). 
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ite play a central role in deep-focus earthquakes 
at ~ 300 to 700 kin depths in Earth's mantle (6). 

Beyond Earth, the presence of nanophase 
femic oxides in martian soils and airborne dust 
has been suspected for several years based on 
data from spectral imagers onboard the Mars 
Viking and Pathfinder landers, as well as ground- 
based observations (/7, 18), In chondritie 
meteorites and interplanetary dust particles, 
‘minute concentrations of diamond nanoparticles 
exist, These nanodiamonds are thought to 
represent presolar dust, likely forming in super- 
novae, but it is also sugyested that they could 
form directly in the solar nebula (/9) and in 
conjunction with other star types (20), 
diamonds average 3 nm in diameter, 
as small as 1 nm (<150 carbon atoms) have been 
observed (19), 


Changes That Occur with Mineral Size 
Curent evidence suggests that-—as with non 
‘mineral metals, semiconductors, and insulating 
nanoparticles nanominerals and mineral nano 
particles may show variations in their atomic 
structure relative to larger particles and aa func 
tion of size in the nanoscale regime (2, 5, 6), 
Many factors may be involved in these varit- 
tions, including structurally disordered, strained, 
andlor reconstructed surfaces, as well as potential 
Variations in surface topography and erystallo- 
sraphic surfaces that are exposed. Electronic struc- 
ture variations are also expected, as observed for 
‘many other nanomaterials, 

In small mineral nanoparticles, even the 
imerior structure may be appreciably affected 
‘Using a combination of extended x-ray absom- 
tion fine structure, wide-angke x-ray scattering, 
and pair distribution analyses, Gilbert and others 
(2) found that the atomic structure of 3.4-nm- 
diameter sphalerite (ZnS) nanoparticles deviated 
fiom that of bulk sphalerite, even thouh the 
surface was strongly passivated by a complexing 
ligand. A loss of stuctural coherence occurred at 
distances greater than 2 nm, suggesting that dis- 
rupted surface environments drive inhomo- 
xgencous intemal strain, This results in structural 
siiffening that farexceeds what is expected by the 
‘mild overall bond-length contraction that is 
observed. 

An example of structural variation as a 
function of particle size in the nanon 
be gamered from a study of the nanomineral 
fervihyarite (22), a common iron oxyhydroxide 
found in soils, oceans, surface waters, and 
groundwater. Individual crystallites of ferrihy- 
drite are typically rounded and less than. 10 nim in 
diameter. Pair distribution fimetion analysis, 
derived from total x-ray scattering experiments 
and also calculated fom refined atomic structure 
models, was used to gain insight into the structure 
ofthis important yet enigmatic phase, The results 
ssiggest that ferihydrites with scattering domain 
sizes of 6, 3, and 2 nm have the same basic 
chemistry [Fe}90}(OH)a], crystal structure with 
space group Pbymc, cell dimensions a A 
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and ¢ = ~9.06 A, and an 80/20 ratio of 
‘octahedrally 10 tetrahedrally coordinated iron, 
However, as this nanomineral becomes smaller, 
the @ cell edge inereases slightly (by 0.03 A). the 
call edge decreases much more (by 0.16 A). 
{wo of the three crystallographicaly distinet Fe 
sites show a deerease in occupancy, and the thd 
Fe site (octahedral) remains fully occupied but 
shows increasing degrees of distortion. Like 
sphalerite nanoparticles (2/), the atomic structure 
Cf ferihydtte crystallites is probably influenced 
by surface relaxation driving internal disorder 
and strain (22), It is also interesting to consider 
that the 2-nm particles of ferihyadite only con 
tain ~ 20 unit cells, so a much higher percentage 
‘of Fe sites is at or near the surface versus that in 
the 6-nm particles with ~30 times the volume, 


The Size Range of Nanominerals and 
‘Mineral Nanoparticles 

The upper size range of nanomineras i likely 10 
be quite variable, depending on the mineral, The 
Upper size limit of mineral nanoparticles can be 
detined as the size above which the properties of 
the particles are indistinguishable from those of 
the bulk material, oF (equivalently) the size 
here, as the mineral panicles become smaller 
and smaller, properties begin to show variations 
relative to those of larger panicles of the same 
mineral, This size should depend on the nature of 
the material (eg. whether itis a metal, semi- 
conductor, oF insulator), the paticle shape, and 
the property measured (e.g.. whether it is chemi- 
cal, electrical, optical, mechanical or thermody 
namic), In. most eases, it is not known below 
What size these properties will bein to vary for 
Which minerals, because, to date, few measure 
iments ofthis type have been made. Ina few cases 
\where this information exists for affinities and 
rates of geochomically relevant reactions for cer 
tain iron oxide minerals, it has been sugwested 
that surface area-normalized variations. are 
dobserved when size drops below a few tens of 
nanometers (23-26), 

‘The lower size limit of nanominerals and 
mineral nanopartickss is also challenging 10 
delineate, Minerals, by definition, are crystalline, 
\which requires a repeating arrangement of atoms, 
‘Therefore, the smallest atomic clusters cannot 
‘qualify as nanominerals or mineral nanoparticles, 
bhutan atomic arrangement that is greater than a 
{ow unit eels in one oF more dimensions woukl 
quai Using in slr andthe mineral pal 
crite as an example, one ean start with an indi- 
‘dvd ae Jon dsolve in war: the hexaquo 
complex [Zn?"(HO),]. In the presence of 
dissolved reduced sulfur, ZnS chister complexes 
«can form, for example, with the stoichiometry of 
ZnSx HO), (27). Molecular modeling of this 
cluster shows that it has a diameter of about 
0.7 nm (27), A single unit cell of sphakerte, con- 
taining ZngSy, has a cubic unit-cell dimension of 
(0.54 nm with an atomic density greater than that 
fof the cluster. The smallest nanoparticles. of 
sphalerite that have been observed to date are 
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about 1.5 nm in size, although there is no a priori 
reason not to expect smaller ones (5). From this 
analysis, one should expect the sonallst sphalrite 
nanoparticles to be in the neighborhood of 1 nm 
in size, with larger ZnS cluster complexes also in 
this size range. 


Reactivity and Stability 
With variations in surface and near-surface 
atomic structure as a function of size, one can 
anticipate a concomitant change in the chemical 
interactions of nanominerals and mineral nano- 
particles with their environment that does not 
scale with the total available surface area. 
Examples of this include the following (all rates 
are surface arca-normalized): 7-nm hematite 
(a-Fe203) nanocrystals catalyze the oxidation of 
aqucous Mn one to two orders of magnitude 
faster than 37-1 hematite crystals (23), resulting 
in the rapid! formation of Mn oxide minerals that 
ae important heavy metal sorbents in water and 
soils; hydroquinone-driven reductive dissolution 
reactions of 5 * 64 nm gocthite (a-FeOOH) are 
{ice as fist compared with those of 22 = 367 nm 
‘gocthite (24 7-nm hematite shows a significant- 
ly increased sorption affinity for aqueous Cu 
Versus that of 25- and 88-nm hematite (25); and 
the reduction rate of hematite by Shewanella 
oneidensis MR-I with lactate as the sole electron 
donor is an order of magnitude faster for 99-nm 
versus IT-nim nanoparticles (26). 

Thermodynamic considerations in the nano- 
range are just as fascinating and critical to 
consider if we are to have a means for predicting 
the stability of naniophases under various Earth 
conditions, as well as to understand polymorphic 
phase transformations driven by size. Towant 
these goals, surface enthalpies of nanominerals 
and mineral nanoparticles. as well as enthalpies 
‘of phase transitions, have been measured for 
polymorphs of Al, Fe, Mn, Ti, and Zr oxides via 
high-temperature oxide-melt solution calorimetry 
and water adsomption calorimetry (28-3), At the 
nanoscale, three factors compete 10 stabilize a 
iven polymorph: enthalpy of polymomhic 
transition, surface enthalpy, and enthalpy of 
hhydration. In general, the polymorphs metastable 
for coarse particles have lower surface energies, 
Teading to crossovers in phase stability as the 
particle size decreases. This provides a thermo- 
dynamic explanation of why nanoparticulate 
‘oxides often erystallize as one polymorph, where- 
as another polymorph is exhibited in coarser 
‘grained material. It is important for fiture studies 
to make the thermodynamic predictions: more 
relevant to Earth systems and to obtain systematic 
size-resolved thermodynamic data for systems of 
‘geochemical importance, including clays and 
carbonates, 

Mineral solubility is a crucial propery in 
predicting the fite of minerals and dissolved 
species in the envionment. A modified version 
fof the Kelvin equation predicts solubility. de- 
pendence on size, stating that as particles get 
smaller through the nanorange of sizes, their 
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solubilities increase exponentially (6). This im- 
pilics that mineral nanoparticles in a dissolution 
setting would have shon fife-spans, However, it 
is not known how generally applicable this 
relationship is for minerals, Certain minerals are 
{known to become less soluble as they get smaller 
GB). Inadition, mineral nanoparticles of lepido~ 
srocite (an iron oxyhydroxide) and FePOt}0 
have been formed at lower Fe ratios in solution 
than predicted by their bulk solubilities (32). This 
same study shows that in aqueous binary and 
emary systems of Fe * PO, * As, mixed nano- 
phase coprecipitates form with the compositions 
Fel(OH)s, POg}-nlz0 and Fe(OH), AsOs, 
POs} nl 20. These nanophases do not have bulk 
counterparts or known solubilities. They are dis- 
tinct fiom ferihydrite or epidocrocite with sorbed 
POs and AsO,, and are very similar to mixed, 
metastable nanophases found in certain natural 
sedimentary environments (32). 


Influence on Earth Chemistry 

We start with an example that involves phyto- 
plankton production levels in the open oceans, a 
‘process that provides connection between nano 
particles, oceans, and global atmospheric and 
hydrospheric chemistry, Ocean phytoplankton 


play a critical role in influencing the amount of 


COs in the atmosphere, and phytoplankton 
growth in lange swaths of the global ocean has 
been shown to be limited by iron availability, 
Dissolved inorganic and onganie complexes are 
'ypically thought 1 comprise the bioavailable 
poo! of iron in the ocean. However, recent studies 
indicate that a significant fraction of the “ise 
solved” (<0.4 jum) iron in the ocean is actually 
composed of icon colloids and nanoparticles 
(33, 34), Funhermote, this faction contributes 
much of the observed vatiability in dissolved 
‘ocean iron concentrations (35), Oceanographic 
studies have typically used utrafitration mem 
branes to define colloidal iron as the faction 
seater than 20 to 25 nm, but researchers using 


electron microscopy have noted the presence of 


2 to 20-nm pamicks at even higher concen- 
trations 10" mi) (36, 37), These panicles 
appear 10 consist of onganie compounds. sur 
rounding 2- to S-nm mineral nanoparticles (38), 
Recent studies with high-resolution transmission 
electron microscopy (HRTEM) and clectron 
energy-Ioss spectroscopy, however, have posi- 
identified iron (oxyhydnowide nanopar- 
ticks $ to 20 nm in diameter in glacial and 
riverine sediments (7, 8), Iron associated with 
‘windblown mineral dust, including nanopaticu- 
[ate dust, isalso an important micronutrient input 
for phytoplankton (/3). The input of iron within 
nanoparticles to the oceans has been estimated 10 
far exceed riverine input of dissolved iron (39). 
Further, recent evidence suggests that iron wit 
particulates contained in glacial sediments is 
bioavailable to marine phytoplankton and that 
this may be an increasingly important source 
in this century as icebergs are ejected from 
Antarctic shelves (40). Laboratory experiments 
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have shown that iron oxide nanoparticles can sup- 
port the growth of osmotrophic phytoplankton 
after photoreduction or thermal dissolution (47), 
Whereas mixotrophic phytoplankton may aceess 
‘mineral nanoparticles through direct ingestion (42). 

‘Nanophase minerals also influence the move- 
ment of harmful heavy metals in Earth's near- 
surface environment via complex interactions 
volving rock, soil, water, air, and living onga- 
nisms, in many cases overprinted by anthropo- 
genic processes. For instance, lead, arsenic, 
‘copper, and zine were mobilized over hundreds 
‘of kilometers within the Clark Fork River drain- 
age basin, part of which makes up the Clark Fork 
River Superfinnd Complex in western Montana, 
the largest Superfund site in the United States. 
‘These metals re incorporated into and transported 
by a newly discovered nanocrystalline venadite- 
‘mineral (4 manganese oxyhydroxike) along 
Inujor portions of the river(43), This nanomineral 
likely forms as a result of the catalytic oxidation 
‘of agucous manganese on ferrihydrite surfaces 
(23) Fig. 

‘The movement of radionuclides (and other 
toxic metals) in the subsurface often defies 
laboratory- and thennodynamically. based. pre- 
dictions that they should be essentially immobile 
(44), It has been shown that radionuclides can be 
‘carried over many kilometers in relatively short 
periods of time by colloids moving with ground- 
Water, Ata nuclear waste reprocessing plant in 
Mayak, Russia (one of the most contaminated 
nuclear sites in the world), plutonium has 
Iriveled several kilometers in the local ground- 
Water system: 70 to 90% of the plutonium 
transport was attributed to nanoparticles less than 
15 nmin size in the groundwater (45). The nano 
‘carriers in this instance were primarily Ferrie iron 
‘oxides (not clays, caleite, rutile, oF other nano 
mineral and mineral nanoparticle colloids that 
Were also present), 

The size dependence of the properties of 
tmoxpheric nanoparticle is just beginning to be 
explored. For example, atmospheric mineral 
nanoparticles [typically halite (NaCI) and hy- 
drous sulfite evaporates from sea spray] are 
hygroscopic and act as water droplet nucleation 
and growth centers, This is a critical step in cloud 
formation. ‘The size and density of the droplets 
dictate the solar radiation scattering ability and 
Tongevity of clouds, both important factors in 
influencing average global temperatures, The 
hygroscopic growth factor for NaC} nanopar- 
ticles decreases for sizes below 40 nm as a result 
‘of a size-dependent shape factor and the Kelvin 
effet that takes into account the change in 
surface tension as function of surface curvature 
(46). Therefore, only relatively lange mineral 
nanoparticles (40 nm) are expected to contrib- 
ute t0 cloud condensation nucle 

Although minerals can camry human initants 
and toxic materials in the atmosphere, many 
carriers ane from anthropogenic sources, most 
notably particulates emitted from the combustion 
of fossil fuels (47) and many other emissions. 
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from the vast numbers of industries that are 
associated with metals (48). Many trace metals in 
airbome particks, including highly toxic metals 
such as cadmium, lead, and arsenic. oceurin the 
very fine (<I-4m) 10 ultrafine (<100-nm) size 
faction (48, 49), and their distinctive properties 
‘will influence the bioavailability of the metals in 
these particles 

Ekmental distribution and bioavailability 
reaction pathways and catalysis, and mincral 
growthsolubility’weathering ane all influenced 
bby phenomena relevant to, with no equivalent 
phenomena at scales larger or smaller than, the 
nanoscale. A dissolved ion in aqueous solution 
bbeliaves differently than that same ion in a. 1-nm 
mineral, and both behave differently than that 
same ion in a S-nm or langer mineral. Consid- 
ering everything that passes through 200- or 
2-nm filters as dissolved is not appropriate. 
Aqueous and gas-based reactions that occur on 
(or in conjunction with) a molecular cluster ver 
sus small mineral nanoparticle versus a 50-nm 
‘or lager mineral partck, all with equivalent com- 
positions (depicted in Fig. 2), are predicted 10 
most often show significantly different pathways 
and kinetics. 


Challenges for the Future 
Measuring and understanding nanomineral and 
mineral nanoparticle origin (biotic or abiotic, 
natural oF anthropogenic), geographic distribu- 
tion, relevant nanochemisry, and overall influ 
cence and impact within the complex chemical 
and physical framework of Eanh systems are 
all critical challenges for the future. For example, 
it is still not known whether metal oxide and 
‘other potentially catalytically active airbome 
‘nanoparticles can significantly modify atmo- 
spheric chemistry, even locally, as a result of 
anomincral-gas heterogeneous chemical reac- 
tons (/). ft is possible that important reactions 
may be driven under these specific circumstances 
and no other atmospheric scenario, especially 
where acrosols with very high nanomineral or 
mineral nanoparticle surface areas exist, or where 
reaction kinetics would be highly favorable on 
their surfaces. Very litle information presently 
‘exists im this fick, However, if discovered, such 
findings may be of fundamental interest and 
importance, much as was the discovery of the 
Production of ozone-destroying chlorine com- 
‘pounds on the surface of polar stratospheric 
cloud aerosols (50). 

The same general types of challenges remain 
in terrestrial and ocean systems, In addition, 
‘because nanoparticle ageregation is common in 
aqueous environments, one must also consider 
the formation and dispersion of aggregated states 
and the transport of reactants 10 and products 
from wactive sites within aggregates, Further, 
when nanoparticles aggregate, it wll be impor- 
tant to detemnine which properties are controlled 
by individual particles and which by the agere~ 
‘gate as a whole, and how the properties may 
change as aggregates form and dissociate. 


All the complexities of nanomineral and 
‘mineral nanoparticle composition, sticture, sti- 
bility, and reactivity also apply to the human 
bly, where normal and pathological mineral- 
ization (from the nanosize to the micron-size) 
affects the calcification of bones, teeth, arteries, 
and veins, as well as the formation of stones in 
the kidneys and joints (57). An equally important 
ficld is called nanotoxicology, defined as the 
safety evaluation of enginoered nanostructures 
through a knowledge of the mechanisms and 
biokinctics of nanomaterials causing adverse ef 
fects in humans (32), The enormous impact of 
ashestos-human lung interactions gives. some 
idea of the scope and importance of this one 
sublickl. Nanomincrals and mineral nanopsr- 
ticles in the environment have been present 
throughout the evolutionary development of 
hhominids, and our exposure 10 these through 
inhalation, ingestion, and denna pathways are 
important foci of nanotoxicolog, 

The biogeochemical and evological im- 
pacts of natural and synthetic nanomaterials 
are some of the fastest growing areas of re 
search today, with not only vital scientific but 
also large environmental, economic, and politi- 
eal consequences (3). 
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Size-Driven Structural and 
Thermodynamic Complexity in 


Iron Oxides 


‘Alexandra Navrotsky,™* Lena Mazeina,? Juraj 


Iron oxides occur ubiquitously in environmental, 


Majzlan? 


L, geological, planetary, and technological settings. 


They exist in a rich variety of structures and hydration states. They are commonly fine-grained 


(nanophase) and poorly crystalline. This review 


summarizes recently measured thermodynamic 


data on their formation and surface energies. These data are essential for calculating the 
thermodynamic stability fields of the various iron oxide and oxyhydroxide phases and 
understanding their occurrence in natural and anthropogenic environments. The competition 


between surface enthalpy and the energetics of 


phase transformation leads to the general 


conclusion that polymorphs metastable as micrometer-sized or larger crystals can often be 


thermodynamically stabilized at the nanoscale. 
explain pattems of occurrence of different iron 


which ion oxides do not participate, From 

the surface of Mars to the depis of Eanth, 
fiom old nusting factories to high-tech magnetic 
recording devices, from pigeon brains and mag- 
netotactic bacteria to drug delivery systems, an- 
hydrous and hydrated ion oxides ane ubiquitous. 
They are constituents of rocks and soils, products 
‘of corrosion and bacterial processes, and sources 


I is hard to find a process oF environment in 


Table 1. Thermodynamic data for iron oxides. Enthalpies 
(AH/) and Gibbs free energies of formation (AG) are for conditions of 298 
K and 1 bar. Surface enthalpies are given for anhydrous (44) and 


Such size-driven crossovers in stability help to 
oxides in nature. 


of iron as a nuttient. They have many commer 
cial applications: pigments, catalysts, medica 
devices, sensors, and recording media. Nano- 
technology increasingly makes use of iron oxide 
nanoparticles and thin films. 

Iron oxides exist in a bewildering variety of 
polymorphs (/). Anhydrous ferric oxides inchale 
hheratit FeO), and 
the kes common e- and B-FE:03. Fess (imag- 


formation 


netite) and Fe, ,O (wistte) contain both ferric 
and ferrous iton. Maghemite 
spinels, can form a continuous solid solution, The 
‘oxyhydioxides, nominally FeOOH, include 
thite, lepidoerncte, and several other 


variable water 


nally FOI), have even mor 
content, Hydrated phases containing both ferrous 


and ferric iron include the grven rusts, layered 
hydroxides with diferent anions in the interlayer 
‘A farther complication is that many’ iron oxides, 
both in nature and in the laboratory, ane exceed- 
ingly fine-grained (nanophase) and therefore hard 
to characterize. 

This complexity has meant that until recently, 
knowledge of the structural details, thennody- 
namics, and reactivity of ion oxides has been 
Jacking. One could not understand or predict 
\Which phases form under what conditions, which 
polymorphs are stable and which metastable, and 
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hydrated (AH)) surfaces. Most of the data are taken from the references 
cited. Values of Gibbs free energy without citations were calculated from 
corresponding values of standard enthalpies and entropies. 


Oxide AM; (kj mot) SJ mot* 1) —_AS; (mol) AG; (kj mol*) ay) m) AH, () m™) 
Hematite, «-Fez0s “8262213GD 874202GD -2745=03G1) —744.4213GD) 075201603) 19203 48) 
Maghemite, FeO, -811.6222(8 93020207) -2689 = 0317) 731.4220 0572 0.1014) 0.71 +0.13 
e-Fez0s 798 = 7 (15) 717.8 + 6.6 (15) 

Goethite, w-FeOOH S615 +1512) 59.70.2117) -237.9+ 0.217) -490.6 +15 0.60 + 0.10 (12) 0.91 + 0.09 (18) 
Lepidocrocte, y-FeOOH -5520216(10) 6512027) -2325+0.2U7) ~4827 231 040 + 0.16 (10) 0.62 + 0.14 (10) 
Akaganeite, f-FeOOH = -554,721.9(11) 53823362) -246.2+33(G2) -481.7=19 034 = 0.04 (11) 0.44 + 0.04 (11) 
Feroxyhyte, 8- FeOOH — -552.0 + 1.0 (13) 483.1 = 13 (13) 

Ferrinydrite, Fe(OH) -830.3 + 2.0 (15) 711.0 = 20 15) 
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are important because each material has unique 
Physical properties, chemical reactivity, and bio- 
availability. Furthermore, physical and chemical 
properties commonly change with particle size 
and degree of hydration, New structural, spectro- 
scopic, and thermodynamic approaches are now 
‘enabling more sophisticated characterization and 
4. more quantitative approach to phase stability 
Here, we summarize thermodynamic data and 
discuss the current understanding of the factors 
affecting the occurrence and stability of various 
ron oxides, A key point is the importance of 
particle size and hydration in determining the 
‘energetics and in stabilizing, at the nanoscale, 
phases metastable in the bulk, 


Synthesis, Structure, and 
Thermodynamic Properties 
The synthesis and characterization of iron oxides 
‘with wellslefined erystal structure, 
chemical composition, particle 
size, and hydration state are 
‘essential to determining their ther- 
modynamic and kinetic parame 
ters, Oxyhydroxides are normally 
‘obtained by precipitation trom 
aqueous solution (J), Particle 
size is controlled by initial iron 
eoncentration, organic additives, 
pH and temperature. Wet methods 
for synthesizing anhydrous. iron 
‘oxides (FeO) andor FeO.) in- 
clude those above as well as 
methods that use surfactants and 
templates (2, 3) to prevent ag~ 
itlomeration, Dry methods, such 


Foriyebrite is widespread and has the smallest 
particle size of all iron oxides. There are still 
debates about its structure: Is it a single phase 
‘with iron both octahedrally and tetrahedrally co- 
ordinate (8), or a mixture of phases with var- 
ible structure and crystallinity (99? The nature of | 
its extensive disorder is still controversial. Com- 
parison of various results is further complicated 
‘because cach synthesis potentially yields a slight- 
ly different product and the structural propertics 
‘ofthe particks appear to be size-dependent. Also, 
during characterization, the partickes may be 
altered by high vacuum and beam damage in 
the electron microscope. This complexity empha- 
sizes the need to investigate the surface and bulk 
structure and energetics of not only perfect single 
crystals (not always available and, when availa- 
ble, not necessarily relevant to common mite 
rials) but also nanoparticle and poorly crystalline 
materials, Because of chemical and structural 


Ag (d mot) 
‘A bulk hematite -67.1 =4.9 (18) 
© nanchematiie 255 24.4 (18) 
¥ maghemite -20.9=8.8 (4) 


of sensitivity of older calorimetric techniques 
(7, 10-16) enabled measurements of enthalpy 
differences between coarse- and fine-grained 
samples and studying the effects of hydration, 
‘Standard entropies (SSqq) are obtained from heat 
capacity measurements fiom cryogenic to room, 
temperatures (/7), Free enengies can be ob- 


obuaining reversed equilibrium ofien make such 
measurements problematic, Thus, combining 
measured enthalpy and entropy to obtain free 
energy is generally a more reliable method 
(Table 1), 

For coarse paticles at ambient conditions, hem- 
atte is the most stable FesOs polymomph, lower 
in Gibbs five enengy than y- or €-Fe:Os, and 
xgosthite isthe most stable FEOOH phase, lower 
in Gibbs free energy than a host of other oxy- 
hydroxides (Table 1), However, the other poly 
morphs are not_much higher in 
enthalpy and are similar in en- 
wopy. Thus, AG generally fol- 
ows similar trends to AM andl 
the other polymorphs ane only 
slightly higher in Gibbs free 
energy. Therefore, being only 
Mightly metastable, they are ki- 
ntically accessible when precip- 
itated from aqueous solution. 
Moreover, they are often thermo 
dynamically stabilized as small 
particles (see below), 


as laser-induced pyrolysis of or- e 
ganometalic precursors (4) and 

ball milling (2), are effective for 
FexOy and FesOs, especially for 
poartice sizes less than $ nim, 

‘The structures of crystalline 
bulk iron oxides are well known, 
(2), They are based on hexagonal or eubie pack= 
ing of oxygen with iron ions eecupying octalie- 
dal interstices. The exceptions are the structure 
‘of akayancite, based on a body-centered cubic 
arrangement of oxygen, and those of maghemite 
and magnetite, containing abundant tetrabvedral 
iron, 

‘The structure of nanoparticles often varies as 
‘a fimnction of their size and the surrounding 
medium. Hematite nanoparticles may vary in 
structure and may possess maghemite-Hke struc- 
tetrahedral defects near the surfice) 
lepidocrocite nano- 
particles are sufficiently different from the bulk 
that their respective signals can be recognized in 
Massbauer spectra (6). Recent studies of nano- 
akaganeite show that at very high surface areas, 
‘where paticle size becomes comparable 1 3 few 
unit cells, akagancite may contain gocthite-like 
structural features possibly related to the collapse 
‘of exposed tunnels (7) 
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Set ccte Brelee (roy {Stability at the Nanoscale 

@ akagancite 15.0 23.1 (11) Small particles are expected 10 
: 4 ; : 0 ees than lange crystals be- 
Coverage (molecules of ,0 per nm?) cause of a positive surfice ener. 


Fig. 1. Differential enthalpies of water vapor adsorption for different iron 
oxides, together with values of integral enthalpies of adsorption relative to 
liquid water. (Data from (4, 10-13, 18)] 


variability, itis abo critical to determine chemical 
composition, including water content, surface 
area, and particle size (and its distribution). Once 
welk-characteriaed materials ane identified, physi- 
cal, structural, spectroscopic, and thermodynamic 
studies on them can be compared and interpreted 
‘with reference to bette-constrained variables, Much 
recent research i taking this direction and applying 
«combination of diflrent techniques to the same 
\well-characterizsd samples. 

The thermodynamics of formation of iron 
oxides, as of any materials, is govemed by 
‘enthalpy (AH) and entropy (AS) terms, such that 
the Gibbs free energy (AG) is given by AG = 
AH ~ TAS, where T is absolute temperature. 
Enthalpics of formation are determined by solu- 
tion calorimetric techniques, with a molten 
oxide solvent used for anhydrous and moder 
ately hydrated iron oxides, and aqueous acid for 
some heavily hydrated materials (4, 7, 10-15). 
New developments and significant improvements 


4. In contact with water and in 
most terrestrial environments, 
the particle surfaces are hydrated 
Indeed, nanoparticles hold on to 
their water tenaciously, Thus, the 
thermodynamics of diflerent polymorphs at the 
nanoscale will depend on the energetics of 
the bulk polymorphs, the particle size (or sur 
face area), and the extent of hydration. To sep= 
arate these fctors, much recent effort his gone 
into combining solution calorimetry of well- 
characterized samples of different polymorphs 
(vith known surface area and water content) 
‘with measurements of the heat of adsomption of | 
Water vapor (0-13, 15, 18), A new approach 
to measuring enthalpies of water adsorption 
combines a microcalorimeter coupled t 
adsorption analytical system (/9), This combi 
system enables precise gas dosing, volun 
detection of amount of adsorbed water, and 
simukancous measurement of heat effect and 
adsomption isotherm (amount of adsorbed water 
versus pressure), This method provides relative- 
ly rapid, automated, and high-resolution mea- 
surement of heat of adsorption as a function of 
surface coverage. 
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Figure 1 shows the differential heats of ad- 
sorption of water versus coverage for a number 
(of iron oxides and oxyhydroxides, together with 
comesponding Values of integral heats of adsorp- 
tion. The integral adds all the differential heats up 
to a coverage where the heat of adsorption is 
simply the heat of condensation (-4 KJ per mole 
(of 1,0) and further water is merely physisorbed. 
The water adsorption enthalpies for different 
FeOO1H polymomhs show similar behavior. The 
Values for maghemite and nano-tematite 
are also similar o those for oxyhydrox- 
ides, These sim 
bonding for 
similar, and they suggest the possibilty 
that all nanoparticle surfaces can be re- 
constructed 10 relatively common stnvc= 
ture. The most tightly held water at initial 
low coverage is bound more strongly 
than in the liquid by about 60 kJ mot 
Recent data suggest that course hem 
atte behaves differently from hematite 
oparticles (see Fig. 1) and hokls war 
ter more tightly than do nanoparticles 
by a factor of 2. Because the distribu 
tion of orientations of surface planes ex- 
Posed! and possible surfice reconstruction 
in cach sample cannot be quantified, 

omparsons of eifferent samples ane df= 
ficult, However, the strongly exothermic 
‘enthalpies suggest that HO on the larger 
Particles may dissociate into tightly bound 
OIL groups to satisfy incomplete bond 
ing geometries on the initial surface. 
Such high-energy surfice sites may nev= 
et be made available on the nano 
pamticles because they earinot be filly 
cdchydred without coarsening, whereas 
‘coarse hematite can be outgassed at 
higher temperatures. 

‘To derive surfice enthalpy, one 
must separate the effect on measured 
enthalpy of surface area fiom that of 
\water adsorption. This ean be done in 
two ways. Ione considers the water to 
be adsorbed with an enthalpy equal 10 
its heat of condensation, then the 
resulting corrected solution calorimetric 
data (/-), plotted versus the surface area 
(Table 1 and Fig. 
face enthalpy of the hy 
face as the slope ofthe linear fit (/0-12) 

This is because any effects associated with dif 
forences in enthalpy of water adsomption, re- 
sulting trom interaction of water with the surface 
and surface relaxation, are still included in the 
corrected enthalpy, because the reference state is 
taken as bulk liquid water. On the other hand, if 
fone uses the measured integral heat of water 
adsomption to comet for the water adsorption 
‘enthalpy, one obtains the surface enthalpy of the 
anhydrous surface (Table | and Fig. 2), Surface 
‘energy, enthalpy, and free energy are expected 10 
be very similar, especially at room temperature, 
and we make no serious distinction among these 


Gibbs tree energy of transformation 
10.0-F #203 and HzO (liquid) (kd mot") 


Gibbs tree energy of transformation 
to a-Fe203 and HO (liquid) (ks mor") 
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three terms. We also note that Fig. 2 has surface 
areas plotted in m7 mot”, rather than showing 
Partick: size or area in m? g'. The former is 
necessary for the slope to represent a surfce 
‘enthalpy and for the points of crossover to be 
meaningful 

One needs 10 know surface enthalpies for 
both hydrated (wet) and anhydrous (dry) surices 
bhocause each is involved in different processes 
Wet surfaces are appropriate for phase wrans- 


° 10,000 


70,000 
‘Surtace area (m? mot) 


Fig. 2. Enthalpy, relative to coarse FezOs (hematite) plus liquid 
water at 298 K, of various iron oxide and oxyhydroxide 
polymorphs as a formation of surface area per mole of FeOs , 
FeOOH, or Fe(OH). Lines are calculated from data in Table 1. 
Values for ferrihydrite are approximate because of sample 
variability and are represented as an elliptical area. Values of 
surface areas are plotted for formula units FeOOH (oxy- 
hydroxides), Fe(OH)s (ferrihydrite), and FeOxs (hematite and 
maghemite) for thermodynamic consistency when comparing 
different compositions, Corresponding values of surface areas 
(m? g™) and average particle size at the crossovers are 
Geoued in the tot. 


formations and reactions in the ambient temestrial 
‘environment (humid ait, water, soi), In processes 
at higher temperatures (metareephic. igncous, and 
technological reactions) or near-vacuum condi- 
tions (the surface of the Moon and Mars, various 
deposition chambers. and dectron microscopes}, 
the enthalpy ofthe dry surface may be relevant 
Surface enthalpy (whether comparing wet or 
dry surfaces) is much higher for the anhydrous 
phases (oxides) than for any of the hydrous 
phases (oxyhydroxides). This is a general trend 
alo seen in the alumina system (AOs versus 
AIOOH) (20), A lower surface enthalpy allows 
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‘oxyhyckoxides to exist with larger surfice areas 
and to be thermodynamically more competitive 
at smaller particle sizes. Figure 3 shows cal 
‘culated dehydration curves for goxthite to hema- 
tite (2FEOOH = Fex0s + 120) as a function of | 
temperature and water pressure, for bulk and for 
1O-nm particles. If coarscning is slower than 
decomposition, the stability field of the hydrous 
phase (goethite) expands to significantly higher 
temperatures, allowing wocthite to persist—as an 
equilibrium phase under the constraint of | 
nearly constant particle siae—to tempe 
atures more than 100 K higher than those 
calculated by straightforward bulk th 
modynamics. Once more, this difference 
emphasizes the need 10 take nanoscale 
phenomena into account when consid 
cing phase stability and reactivity. 

‘Another trend is observed: As meta- 
stability oF the coarse phase increases, 
its surface enthalpy decreases, This is 
a general, perhaps close to universal, 
trend seen not just in the iron oxides 
but also in alumina, titania, zirconia, 
and several other systems (2/), Values 
of surface enthalpies also correlate with 
the heat of surface hydration and the 
fraction of strongly bound water. The 
‘most stable iron oxide polymorph, hem 
atite, adsorbs water the strongest, The 
fraction of water that is strongly bound 
on goethite is 60%, versus 40% for 
akayancite and lepidocrocite, Thus, ma 
terials with the highest surface enthalpy 
relax their high-energy surfice sites most 
strongly by the adsorption of water 

‘The decrease of surfice enthalpy with 
increasing metatabiity of the bulk poly= 
rmomph Ieads 10 crossovers in enthalpy 
and also free energy) of polymorphs 
at the nanoscale, Thus, AO, becomes 
stable with respect 10 a-AlzO5 (conun- 
dian) (27) F303 (maghemite) booomes 
stable with respect to a-Fe0s (hema 
tite), and there are complex. crossovers, 
for the FeOOH polymorphs. (Fig, 
The stability field for ferrihydrite is 
shown only approximately by the ellipse 
in Fig. 2 because of the variability of 
samples, the nonexistence of coarse 
ssrained ferrihydrite, and the inability 10 
ddhydrate the material significantly, 


Thermodynamic Control of 
Occurrences of Iron Oxides 
Knowing the fee energy of formation and the 
surface enthalpy (or fice energy) of iron 
oxides, one can predict their stability for a given 
surface area. Thermodynamic crossovers of the 
ssubilty of ron oxides asa function of ther patcle 
size or sure area (Fie 2) dominate these relations. 
Goethite becomes themodynamically stable 
relative to hematite and water at surface areas 
grea than aboot 15 nig"! (ginticle sice 60 
‘nm, assuming spherical particles). Lepidocrocite 
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Fig. 3. Pressure-temperature diagram forthe reac- 
tion u-FeOOH (goethite) = «-FeO0, (hematite) + 
H20 (fluid), The curve at lower temperature shows 
the equilibrium among bulk solid phases and water 
(ftuid implies liquid, vapor, or fhsid above the crt- 
ical poind, whereas that at higher temperature 
shows equilibrium for 10-nm particles of hematite 
and goethite plus water. 


becomes: more energetically stable than mag- 
bemite and hematite at sures areas greater than 
70 m? gr" (particle size 12 nim). Akayancite be- 
‘comes stable relative to goethite at surfiee areas 
‘greater than 200 m? gr! (particle size $ nm). 

‘The stability fick! of ferrihydrite overlaps 
those of many other iron oxides (hematite, 
maghemite, goethite, akaganeite, and lepidoero- 
cite) (Fig. 2). At these high surface areas, 
ferihyabrite is themodynamically very competi- 
tive with other iron oxides. This fict alone ex- 
plains the ease with which ferrihydrite forms 
inva lange variety of environments and persists 
if no coarsening occurs. Furthermore, varia- 
tions in the structure of ferrihydrite, and much 
‘of the controversy about its structure, may arise 
because it ean form from different oxyhydrox- 
ide precursors, over a range of particle sizes. 
and in a wide range of conditions. 

‘The complex enengetic crossovers shown in 
Fig, 2 are directly applicable to the occurrence 
‘of iron oxide minerals in soils. The most striking 
‘example is the hematite-zoethite pait. Although 
the stable bulk assemblage at ambient condi- 
tions is hematite plus liquid water, Fig. 2 shows 
that almost any decrease in size leads to stabil 
‘zation of goethite (22), Hence, particle size exerts 
major contol over the relative stability and 
formation of hematite and yoethite, even though 
soils represent a system that is too compker to be 
controlled just by a single variable. 

‘The hematite-zoethite equilibrium maybe 
ako shiflat by variations in temperature, water 
activity, and the themodynamics of Fe-AL sub- 
stitution (23), The direct transformation of 
hematite to goethite oF gosthite to hematite has 
not boen observed under ambient conditions, and 
long-term experiments documenting this trans- 
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formation are lacking (J). However, water ad- 
sorption experiments have shown that hydrated 
hematite surfaces behave thermodynamically like 
the surfices of goethite (18). Thus, perhaps the 
transformations may begin at the surfaces of 
nanoparticles, especially at temperatures. some- 
What above ambient, Transformation in_cither 
direction would then happen easily on the 
exposed gocthite-like hydrated surfaces of either 
phase at the nanoscale If the transformation 
‘occurs by a dissolution-reprecipitation process, 
those surfaces offer ample nucleation sites. The 
{kinetic hindrance to coarsening below about 400°C 
ensures that the dehydration curve is that for 
small particles, with goethite stabilized to higher 
‘temperatures than in the bulk (Fig. 3), 

Another natural laboratory with abundant 
iron oxides is the surface of Mars. The sus- 
pected presence of hematite was recently con- 
med by in sity Masshauer measurements (24), 
Earlier experiments performed on both Viking 
‘probes and Mars Pathfinder indicate that martian 
dust contains abundant maghemite (25), This 
maghemite is probably nanophase, with particle 
size of about 10 nm. The abundance of mag- 
hhemite at the surface of Mars is readily ex- 
plained by Fig. 2. Under dry conditions, as on 
Mars, maghemite particles become thenmody- 
namically stable with respect to hematite pat 
cles at sizes of about 16 nm, Thus, maghemite 
nanoparticles are stable at the martian surface 
Under wet conditions prevalent on Earth, the 
stabilization of maghemite is less pronounced, 
and goethite and other oxyhydroxides are 
‘competitive atthe nanoscale. Akbough maghem- 
ite oceurs in terrestrial soils (26), itis generally 
absent in okler terrestrial sediments and rocks, 
‘both because of its limited stability in a hydrous 
environment and because of coarsening and 
‘transformation during burial and diagenesis. 

During a possible solid-state akayancite- 
goxtite ransfiemation involving biomineralization, 
the particle size of gocthite is found to be bigger 
than that of akagancite (3), supporting the sta- 
bility crossovers presented here. According 10 re- 
‘cont structural cbservations (7h this transformation 
need not involve severe reconstruction, because 
fragments of the collapsed tunnels of akagancite 
resemble structural blocks of goethite. 

‘Transformation of lepidocrocite to goethite 
is not structurally straightforwanl, and only 
dissolution-reprecipitation mechanisms haye 
‘been described in laboratory studies. The goethite 
is reported to have bigger particle size than the 
initial dissolving lepidocrocite (27). However, in 
natural systems, kepidocrocite crystals both larger 
and smaller than coexisting gocthite have been 
reported (28, 29). Goethite and lepidocrocite may 
‘oficn crystallize simulancousty from a ferrous iron 
source (29). Their futher coarsening and/or trans- 
formation depends on iron oxide thennodynam- 
ics but may also be influenced by temperature 
and the presence of silicates and carbonates (7). 

Figure 2 also supports observations that 
lepidocrocite, especially when fine-grained, frst 


transfoms to maghemite (upon heating andor in 
vacuum) and only then to hematite. This is con- 
sistent with the thermodynamic stability of mag- 
hemite relative to hematite at particle sizes less 
than about 16 nm. A direct sizetriven phase tran 
sition between hematite and maghemite was 
ebserved! with ball milling (30) It also. supports 
the calculated size-related stabil 
‘We conclude that the size-driven thermody- 
namic differences among iron oxide phases that 
are closely balanced in overall thermodynamic 
[propenics must be taken into account if we are to 
understand and predict the formation, stability, 
and transformation of these complex materials in 
geologic, environmental, and industrial settings, 
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Preparing and Motivating Behavior 
Outside of Awareness 


Henk Aarts,* Ruud Custers, Hans Marien 


the observation that the mere activation 
| Of the idea of a behavioral act moves the 
‘human body without the person conscious- 

ly deciding to take action has long been a topic 
‘of seientitie interest (/-3). Initially, this idsomotor 
Principle was used to explain extraordinary ac- 


action concept (5). Specifically, we investigated 
that activating the behavior representation of 
exertion through subliminal priming. prepares 
the exceution of the corresponding behavior 
and that this priming actually motivates effort- 
fal behavior when that representation is co- 


80 


slope toward the maximal force (rite oF increase 
in applied force) was steeper in these two prim 
ing conditions. This faster initiation of the re- 
sponse to squeeze the hand grip and the faster 
development of force indicate that aeting force 
fully was more strongly prepaned (2), Crucially, 
participants in the priming-plusereward condition 
displayed more total elfot (mean foree over 
time) than those in the other two conditions, 
showing enhanced motivation (fig. St presents 
the mean scores on the three measures for each 
callin the design). 

‘These results confirm that subliminally prim- 
ing exertion prepares people 0 display forcetil 
action, but when these subliminal primes are 

companied with a positive stimu- 
lus it motivates people to spend extra 
effort. Previous research on motiva- 
tion agrees that positive affeet acts as 
& motivator 0 engage in a task or 


— Control 
— Priming 


— Priming + 
Reward 


behavior when it refers to a rewand 
for performing the behavior, even if 
the reward is subliminally primed! (6) 
We tested a more basic and content- 
five process. by. showing. that such 
mot Uso emerges when the 


0 2000 


Time (ms) 


4000 


Fig. 1. Mean pattern of force over time as a function of the experimental treatments, 


tivities such as compliance under hypnosis, auto 
matic writing, dowsing, and swinging penal 
Lately, research on social cognition and neuro- 
science has revealed that seeing o reading about 
4 behavior available in the individual's repertoire 
increases the tendeney to perform it, which has 
ben interpreted asa result of the common cote 
that action concepts share With motor programs. 
Whereas activating the mental representation of 
behavior outside of awareness that is, subliminal 
priming indeed prepares people to initiate rap- 
idly the comesponding behavior, an important 
issue recently addressed is how such subliminal 
priming effects may acquire an intrinsic motiva- 
tional property in the sense that people mobilize 
additional resources and actually spend efor on 3 
tsk (4), We studied the emergence of such un 
‘conscious motivation by examining how sub- 
liminal priming of the action concept of piiysical 
«exertion causes people to spend effort 

Building on research on the basic mole of af 
fective value in reward leaming and motivation, 
\We propose that the mechanism that tums sub- 
Finvinal primi mn concepts into motiva- 
tion relies on the tagging of positive affect to the 
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activated with positively valenced stimuli that act 
as a reward signal, To fest this, we subjected 42 
Participants to a priming task that enabled us 

combine the subliminal priming of words 
representing exertion with briefly presented, al- 
though consciously visible positive words [Sup- 
porting Online Material (SOM) text}. Accordingly 
thee different conditions were erated: a (con- 
trol) condition in which only positive stimuli 
Were presented, a (priming) condition in which 
exertion was subliminally primed but not di- 
rectly paired with positive stimuli, and a (priming 
Plis-reward) condition in which exertion was 
subliminally primed and immediately linked to 
positive stimull 

‘Afier the manipulations, we recorded handgrip 
force, which allowed us to differentiate between 
action preparation and motivation. Panicipants 
were instructed to squecac a hand grip for 
\when the word “squeeze” appeared on the screen. 
Results (Fig. 1) showed that participants in the 
Priming and priming-plus-reward conditions 
stated to squeeze earlier and increased their 
force faster than those in the control condition 
The reaction time was shorter, and the initial 


activation of the behavior representa- 
tion of exertion is dirvetly accompa 
nied by positive stimuli that do not 


explicitly peruin to the execution of 


the behavior itself but nevertheless act 
as rewand signals, These eflects occur 
even though paticpants were unaware 
‘ofthe behavioral primes and thereby of 
their contingency with the reward sig- 
nas, This study thus demonstrates the 
‘human capacity 4 rely on mental pro- 
cesses in preparing and motivating 
bohavier outside of awareness, 
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Pattern Separation in the Human 
Hippocampal CA3 and Dentate Gyrus 


Arnold Bakker,? C. 


ck Kirwan,? Michael Miller,? Craig E. L. Stark™** 


Pattem separation, the process of transforming similar representations or memories 

into highly dissimilar, nonoverlapping representations, is a key component of many functions 
ascribed to the hippocampus. Computational models have stressed the role of the hippocampus 
and, in particular, the dentate gyrus and its projections into the CA3 subregion in pattern 


separation. We used high-resolution (1,5-mi 


jeter isotropic voxels) functional magnetic 


resonance imaging to measure brain activity during incidental memory encoding. Although 
activity consistent with a bias toward pattern completion was observed in CAA, the subiculum, 
and the entorhinal and parahippocampal cortices, activity consistent with a strong bias 
toward pattern separation was observed in, and limited to, the CA3/dentate gyrus. These 
results provide compelling evidence of a key role of the human CA3/dentate gyrus in 


pattem separation. 


poral lobe (MTL) is erit- 
| ly involved in the ability to store ant 
retrieve fucts and events. (declarative 
memory) (/). Theoretical models sugwest that 
declarative memory relies on both the ability to 
orthogonalize overlapping. or similar 
‘of activation (pattem separation) and th 
to complete partial patterns or “elean up” sim- 


representation (pattern completion) (2-6). Such 
models of the MTL have stressed the role of the 
hippocampus and, in particular, the dentate gy 


ris and its projections into the CAS subregion in 
the process of pattem separation. Specifically, 
‘one computational modet (4) proposed that the 
dentate gyrus creates a spare, orthogonalized 
representation of its input fiom the entorhinal 
‘cortex and projects this into the CA3 via the mossy 
fibers. The mode! also suggests thatthe recurrent 
interconnected pyramidal cells of the CA3 sub- 
region operate as 

capable of reestablishing previously stored pat- 
tems of activation based on noisy or degraded 
‘cues (pattem completion) (2,3, 6, 7.8). 

Only recently has empirical evidence been 
provided supporting the role of the hippocam- 
pus, and! the der rus and CA3 in par 
ticular, in pattern separation. Rodent studies 
have shown striking differences in the stability 
‘of place cells in the CAL and CA3 subfields in 
response 10 changes in the environment by 
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cans of early gene expression (9) and sing! 
AN recordings (10-14). Depending on the 
degiee of change in the environment, distorted 
cucs lead to cither very similar neuronal rep- 
resentations (completion) or very dissimilar ncu- 
ronal representations (separation), with the bias 
towand separation or completion varying across 
hippocampal subfields. In one example (/1), 
rodents were exposed to enclosures of varying 
similarity during muliiunit recording. In CA3, 
small changes in the enclosure resulted in the 
activation ofa different, nonoverlapping set of 
neurons (separation). In contrast, CAT neurons 
were relatively insensitive to change, with many 
{although not all) showing a strong overlap in 
activation between the different enclosures (with 
the degree of overlap correlated with enclosure 
similarity). Pattern separation and pattem con 
pletion can thus be observed in the rodent with a 
clear functional distinction between neuronal 
ensembles in the CAL and CA3 subregions of 
the hippocampus. 

Here, we used high-resolution functional 
magnetic resonance imaging (MRD (1.5 
isotropic) to measure brain activity while sub- 
jects perfonmed an incidental encoding task de- 
signed 1 parallel many of the rodent studies, 
including Leutgeb et al. (17), described above. 
Eightcen subjects viewed a series of pictures 
of everyday objects (making the task not ov ert- 
ly spatial). The series included 144 sets of 
tly different pictures of the same object, 
as well as unrelated single pictures of objects 
used as foils (Fig. 1). Thus, on each trial, a 
presented object could be either (i) new, (i) 
4 repetition of a previously shown object, oF 
(ii) slightly different version of a previously 
shown object (lure). All trials were presented in 
‘pseudorandom order with the limitation that a 
repeat ora lure trial would be presented within 
approximately 30 trials of each other. During 


‘each trial, subjects were not asked to determine 
Whether the stimulus was a target, a repetition, 
‘ora lure but rather were asked to make an un- 
related determination about the object (whether 
it was typically an indoor or outdoor object) 
As such, the encoding was incidental and not 
overtly mnemonic, paralleling the studies in 
the rodent described above (15), 

Although the resolution of 1.5 mm repre- 
sents the likely limit for 1M (/6), itis still far 
too coarse 10 resolve the pattern of activity 
across individual neurons and assess. pattem 
separation directly. However, if regions exhibit 
ange in activity with repetition, we can 
assess patiern separation versus pattem com 
pletion indircetly. We hypothesized that, if 
given subregion was engaged in processes of 
pratier separation, the lure would more likely 
bbe treated Tike @ new stimulus than a repetition 
and show activity similar w that for a first 
presentation of a stimulus, In contrast, if iven 
subregion was engaged in processes of pattem 
completion, the lure would be more likely 
tieated as a repetition of the original stimulus 
and show activity consistent with a repetition, 

Results, To examine the eflects of the 
incidental encoding task, functional data from 
all trials were subjected to a two-way analysis 
of variance (ANOVA) with participants as 
random factor and trial type (first presenta- 
a, first repeat, and first Lure) as a fixed factor. 
Functional regions. of interest (ROIs) were 
based on the resulting F maps and defined by 
setting a voxelwise threshold of ?-< 0.05 and 
4 spatial extent threshold of a minimum ROL 
volume of 100 mm’. This threshold is delib- 
cerately somewhat fiberal because the clusters 
form the basis for a functional ROL analysis in 
which all voxels within each ROL are cok 
lapsed and the final alpha is set at P< 0.05 

This cluster analysis resulted in eight re- 
ations in which activity varied in some way with 
some form of repetition in the MTL (Fig, 2). 
Using ROI large deformation diffeomorphic 
miciric mapping (ROI-LDDMM), sezmenta- 
ms of cach subject’s individual anatomy 
are used to align his or her brain to a high- 
resolution model consisting of bilateral seg- 
mentations of the CAL, the CA3/dentate gyrus 
{including CA2 and CA4), the subiculum, and 
the entorhinal, perihinal, and parahippocampal 
cortices (5, 17, 18), The mode! is further used 


ok Fes 
Cook F 


Fig. 1. Sample stimuli sets showing versions A 
and B of the same object. 
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to localize each region identified in the group 
analysis (Fig, 2 and fig. SI). We cannot 
confidently isolate some regions from cach 
‘other, and some activations cannot be confi- 
dently assigned to one region. In_ particular, 
We cannot confidently isolate CA3 from the 
dentate gyrus (DG) and therefore will refer to 
4 single, combined region (CAXDG) in dis- 
‘cussing the results. In addition, if activity spans 
ons (e.g., an ROI that covers both 
nd CA3/DG regions, as observed 
below), we prefer to acknowledge this ambigu- 
ity in localization rather than strictly adopting 
ation. 
ising these techniques, the activations were 
localized to the right CAI subregion of the hip- 
pocampus (CA1), bilateral CA3/dentate gyrus 
subregions of the hippocampus (CA3/DG), 
rogion spanning both the left CAL and CAS) 
fate gyrus subregion of the hippocampus 
(CAV/3/DG), the left entorhinal cortex (EC), 
the right pa cortex (PHC), and 
finally the bilateral subiculum (Sub). Figure 2 
shows these activities on representative coro- 


nal slices through the MTL. (Only the tip of 
the EC activity is shown. In-more anterior 
. the activity extends well into the gy- 


activity within each of the ROIs 
culated for the first prese 
trials, the repeat trials, and the lure trials by 
collapsing all voxels within an ROI (Fig. 2). 
Reliable differences were observed between 
the three tial types in each ROL In all but 
‘one of the ROIs, the repeat trials showed a 
lower mean activity compared with the first 
presentation and the lure trials. Only in the 
right parahippocampal cortex did the repeat 
trials show a greater mean activity compared 
With the first condition and the ture trials. In 


all, activity associated with ture trials was 
cither in between the activity of the repetition 


trials and the first presentation trials or in- 
distinguishable from the activity of the repe 
tition trials or the first presentation trials. In 
response to the presentation of a lure, activity 
in the bilateral CA3/DG was significantly dif- 
ferent from activity in response 10 a repeat 
presentation (right CA3/DG, fyy ~~S.147, P 

0.001; left CAXDG, 49 = 6.463, P< 0.001). 
Activity in response to the presentation of a 
Jure stimulus in the bilateral CA3/DG was not 
iticantly different from activity in response 
st presentation (right CARDG, fy7 = 1.89, 
hy = 0.165, P 


toa 
P = 0075; left CA3DG 
0.871). This is in contrast to other areas of 
activation observed in the medial temporal 
lobe, where activity in response 10 the pre 
sentation of a lure was significantly different 
from activity in response to a first presentation 


(CAV3/DG, hy = 3.151, P< 0.001; lett 
‘entorhinal cortex, yy ~ 3.697, P< O01: right 
CAL, fy 6.224, P< 0.001 ) and not significantly 
different from the repeat presentation of a 


stimulus (CAV3/DG, yy = 0.822, P= 0422; 
loft entorhinal cortex, tyy = -1.117, P= 0279; 
right CAL, 7 = 1.28, P= 0.228), 


A simple bias score indexing how similar 
lure activity is to repetition [first ~ lure) 

repetition)] can be used to assess the 
rleney toward completion (bias approach- 
ing 1) oF separation (bias approaching 0) 
across regions. This bias score is shown in 
Fig. 3. A single bias score for cach region is 
shown, collapsing across ROIs in the same 
region (e.., bilateral CA3/DG). Bias scores 
for CAL. the region that spanned across the 
CA1B/DG, the subiculum, and the entorhinal 
and. parahippocampal cortices, ranged from 
(0.59 t0 0.83. Thus, although somewhat mixed 
and not purely connoting completion, 
stimuli were treated more like true repetitions 
han first presentations of stimuli, In stark 
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contrast, the bias seore of 0.15 in the CA3/DG 
showed that lure stimuli were trated almost 
exactly the same as the presentation of a novel 
stimulus, consistent with a strong bias toward 
pattem separation 

Discussion. We used high-resolution {MRI 
to study processes of pattem separation in the 
human MTL by scanning subjects while they 
performed an incidental encoding task using 
pictures of common objects, Embedded in the 
task were dircet repetitions of pictus 
lure stimuli that were only simikir to pre 
ously presented objects. A 
separation was observed in the C2 
biases toward completion were observed in 
several MTL regions, including CAL 


Our design used an incidental encoding task 
swith no overt behavioral assessment of whether 
(oF not pattem separation occurred on a given 


tial, This was done both to more closely 
Parallel the rodent literature and to remove any 
explicit memory components from the task that 
might confound our findings. In an explicit 
memory task, correctly rejecting the lure ay 
only similar to, but not the same as, the 
could provide behavioral evidence that pi 
separation occurred. However, as previously 
suggested (/8), this approach docs not allow 
ly isolate processes of pattem sep- 
tion. If subjects are aware of the pattern 
separation demands of the task, the subject 
ploy a “recall to reject” strategy (8), 
implies that when presented with 
4 lure, subjects first retrieve the original pro- 
sentation from memory (thereby performing 
pattern completion) and subsequently com- 
pare the representations to determine whether 
the stimulus is a lure or a target, The subject 
cean then make a determination based on the 
comparison between the stimulus and the rep- 
resentation of the initial presentation retrieved 


3 ) Right Subiculum 


f 
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Fig. 2. Anatomical location and mean activity in the three task conditions for MTL (not part ofthe analysts) are shown in black. Three-dimensional rendering 
‘each of the eight MTL regions of interest. A model segmentation of hip- (lateral, superior view) shows the location of each slice (white lines). The 


pocampal subfields is overlaid on each brain slice to indicate the location of 


distance of each slice from the anterior commissure (y = 0 in Talairach 


the subiculum (green), CAL (blue), and CA3DG (ed). Regions of activity coordinates) is indicated for each sce as well (y = 13 to 36 mm). The thicker 


within the MTL are shown in white and labeled within each slice (PHC, 


white lines represent two adjoining 


parahippocampal cortex; EC, entorhinal cortex) Regions of activity outside the (summed beta coefficients) in each ROI for each trial condition. 
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from memory. As such, this task does not rely 
merely on pattem separation but also on patter 
‘completion and even processes of encoding and 
retrieval. Our indirect measure that simply ex- 
amines activity for lure items relative to first 
presentations and repetitions is not only closer 
to the free exploration of an environment used 
in the rodent studies but also suffers far less 
from this difficulty 

ur observation of activity consistent with 
pattern separation specifically in the CA3DG 
subregion of the hippocampus is consistent 
ith computational models that have stressed 
the role of the dentate gyrus in particular in 
creating sparse orthogonalized representa- 
tions 2, 4, 6, 8), Although high-resolution 
IMRLallows us to study these processes with- 
in the hippocampus, the resolution remains 
insufficient to distinguish the neuronal aetiv~ 
ity of the dentate gyrus from the activity of 
the CA3 subregion, so these two areas were 
combined! and treated as one. As such, task- 
related activity of the dentate gyrus cannot be 
distinguished from activity of the CA3 sub- 
region, and processes of pattem separation 
cannot be ascribed specifically 10 the dentate 
gyms, However, because the sparse orthogo- 
nalized representations created by the dentate 
{gyrus are projected predominantly to the CA3 
‘subregion, one would expect t0 observe ac- 
ity rehated to processes of pattem separation 
in both subregions of the hippocampus. Animal 
studies have shown pattem separstion signals 
in both the dentate gyrus and the CA3 subregion 
(4, 19, 20), Thus, our findings remain con 
sistent with both the computational models 
and the animal studies described earlier. 

‘There are limitations to our methox! First, 
if pattern separation was present in a region, 
‘but overall activity remained stable across the 
Various repetition conditions, we would fail to 
detect pattern separation in this region, In- 
deed, all findings in this study are dependent 
‘on a change in blood oxygen level-dependent 
(BOLD) activity aeross the conditions in our 


PILLS 


Fig. 3. Bias scores in the MIL. A single bias, 
score for each of the six different areas in the 
MTL was calculated by collapsing the bias scores 
for multiple ROIs in the same area. Bias scores 
loser to 0 connote separation; scores closer to 
1 connote completion. 
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task (c.g.. dropping activity with repetition of 
the stimulus), because IMRI is based on con- 
trasts and is sensitive only to differences across 
conditions. 

‘Second, pattem separation and pattem com 
pletion are processes that ane not limited 10 the 
MTL (2/, 22), Indeed, one could argue that 
pattern separation and pattem completion occur 
in all sensory modalities in response to differ- 
cent or similar stimuli. It is thus possible that 
activity in the CA3/DG reflects the mere pro- 
cessing of pattems already separated elsewhere 
in the brain rather than active pattern separa 
tion. Although computational models and ani 
‘mal studies suggest the CA3/DG serves an active 
role in pattern separation, the current data do not 
allow us to differentiate unequivocally between 
these possibilities. 
because novelty, recency, and fae 
miliarity signals have played important roles 
in understanding the MTL (23), we must con- 
ssiler the present results in fight of these coxes. 
Each of the regions showed activity consistent 
with novelty fand recency) detection in that 
simple repetition was associated with less 
activity than the first presentation (with the 
exception that the parahippocampal cortex 
showed an inverted signal, increasing a 
ity with repetition), In the regions outside 
the CA3/DG, the same change in activity 
was observed for lures, whereas the CA3/DG 
responded with elevated activity. These results 
would be consistent with the hypothesis that 
the same pattem of activity was present (ie., 
the same neurons were firing and no pattems 
separation occurred) but at rates that coded! for 
novelty, The novelty coding in the CA3DG 
‘must be fess tolerant of small changes than 
other regions. Although a plausible account of 
‘our data, this view is inconsistent with several 
other sources of data. It is inconsistent with 
the pattem of novelty signals typically ob- 
served in the hippocampus (23). We observed 
multiple patterns in the hippocampus, and it is 
not clear that the CAXDG would best be 
interpreted as coding for item-place (or sim- 
ilar) associations. Further, the simpler pattern 
of activity that is consistent with novelty sig- 
nals was not observed in the perirhinal corte 
Finally, this account would ignore the data 
showing that neuronal activity in the dentate 
gyrus and the CA3 subregion of the hippo- 
campus does in fact exhibit changes in the 
representation as the environment change 
CET), Our results are inno way incon- 
sistent with novelty signals in the hippocam- 
pus that differ from novelty signals elsewhere 
in the MTL (23). However, we suggest that 
the present results are more indicative of pat- 
tem separation and completion and that they 
are not synonymous with various novelty codes. 

With the ability to perform {MRI with suf- 
ficiently high resolution, pattem separation can 
bbe observed in the human MTL and even spe 
cifically be ascribed to the bilateral CA3/DG 


subregions of the hippocampus. These find- 
ings provide compelling evidence of a key 
role of the human CA3/DG in pattem sepa- 
ration and further evidence supporting the com- 
putational models’ account of hippocampal 
function, The process of pattem separation is 
central to and heavily taxed by many of the 
functions ascribed to the hippocampus in var- 
ious cognitive theories (e.g. recollection, epi 
sodic memory, and conjunctive memory), We 
suggest that an understanding of the division 
‘of labor within the MTL and between the MTL 
and other structures will require a greater un- 
derstanding of how pattern separation and 
completion function throughout the MTL and 
‘elsewhere in the cortex. 
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Low-Magnetic-Field Control of Electric 
Polarization Vector in a Helimagnet 


Shintaro Ishiwata,"* Yasujiro Taguchi,” Hiroshi Murakawa,* 


Yoshinori Onose,”? Yoshinori Tokura? 


The mutual control of the electric and magnetic properties of a solid is currently of great interest 
because of the possible application for novel electronic devices. We report on the low-magnetic- 
field (for example, B values of +30 millitestas) control of the polarization (P) vector in a 
hexalerrite, BazMgaFey20z2, which shows the helimagnetic spin structure with the propagation 
vector kg parallel to [001]. The B-induced transverse conical spin structure carries the P vector 
directing perpendicular to both B and ko, in accord with the recently proposed spin-current model. 
Then, the oscillating or multidirectionally rotating B produces the cyclic displacement current via 


the flexible handling of the magnetic cone axis. 


interest in enhancing the coupling between 
the electric and magnetic dipole moment for 
the magnetoeletric (ME) effect (/-3). With the 
recent discovery of large ME effects in transition- 
tal oxides such as ThMnOs (1), considerable 
celfort has been devoted to magnetically frustrated 
systems with a long-period magnetic structure 
(5-8), The large ME effect in such systems is 
‘often observed in the course of magnetic-tick! 
induced phase transitions with field magnitudes of 
4 Few teslas. For applications, however, it will be 
negessary to generate and control the ME effects 
a room temperature and by low magnetic felts 
Explanations forthe microscopic origin ofthe 
nontrivial coupling between the polarization (P) 


F: dovice applications, there is increasing 


Fig. 2, (A) Schematic crystal struc- 
ture of BapNgaFei2020. The mag- 
netic structure consists of alternate 
stacks of L blocks (brown) and S blocks 
(green) having large and small mag- 
netic moments, respectively. blustra~ 
tions of helicoidal spins (represented 
by arrows) (B) with proper screw 
(50 < T< 195K), (© longitudinal 
conical (7 < 50 0, and (D) slanted 
conical ('< 195 K and 8 ~ 30 m1) 
‘spin structures, 
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and the transverse spiral spin structure have been 
proposed (9-12), According to the spin-current 
mode! (9), the non-collincar arrangement of the 
adjacent spins can produce the polarization of 
electron density at the bonds between them 
through the superexchange interaction, and the 
expression of the polarization reads as Ae. 

(S,* $)). Here, 4 is a scalar determined by the 
‘exchange interaction and the spin-orbit interaction. 
The spins 5, and $) side on the adjacent sites 
along the unit vector ey and the term S; = S, 
comesponds fo the magnitude of dissipationless 
supercurent along ,, (9). This mechanism 
‘of polarization generation may be viewed as rep 
resenting the duality that the change o spin cur- 
rent proxlices the magnetic or electric dipole, When 


is 


u 


St 


ell (001 
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the inevitable electron-latice coupling is explic- 
ily taken into account, this mechanism is also 
considered the inverse effect of Dzyaloshinsky- 
Moriya interaction (/0). The spin-current mode! 
can explain the ferwelectricity induced by the 
transverse-spiral (eycloidal spin orders, in which 
every spin pair lining up along the pro 
tion vector ho (¢, = ko'ko}) produces the uni- 
directional local Pand hence the total macroscopic 
P~S,, Akg » (S; * $)))ko. 8s observed for (Th, 
Dy)Mn03 (13-15 

As exemplified by the case of a spin 
CoCrsO4, the above model is applicable 1 
verse conical ferrimagnets (the cone axis is 
pendicular 10 ko), wherein Ferromagnetic and 
fesroelectric moments ane coupled with each other 
(16). By contrast, materials with a proper screw 
‘or a longitudinal conical spin structure cannot 
yield the spin current-indueed polarization (Fig. 1, 
B and C) because ES, = $/dho, Nevertheless, th 
‘ean be the potentially tunable ME materials by 
‘making use of an external magnetic field (B) sta 
bilizing a conical spin structure, in which the cone 
axis deviates from hy (Fig. 1D). This: 
‘contro! both the magnitude and: 
ferweketic polarization v 
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tion of the cone axis by relatively weak B. Here, 
we demonstrate a control of the ferroelectric 
polarization vector P (2B and ko) ina longitudinal 
conical helimagnet BayMzaFerO having weak 
spin anisotropy by handling the cone axis with 
rotating B of several tens of militests (mT). 
Recently, magnctoplumbite-related hexaferites 
have been suggested as promising candidates for 
ME materials with a high magnetic-ordering tem- 
perature, and! it was found! that a Y-type hexaferrite 
Bay sSn sZmFe,0m (BSZFO) shows a B-induced 
polarization that ean be rotated around the hex- 
agonal axis by the exter B (/7) BSZFO unkr- 
‘goes thermal transition from a fenimagnetie state 
to a helicoidal state at 319 K, below which several 
sucoesive magnetic field -induced transitions eecur 
(U8), All he phases, except forthe collinear fer= 
rimagnetic phase above ~2 T, have a long-period 


magnetic structure with a propagation vector ko 
parallel to the hexagonal axis ( [001)). However, 
the ferroelectric polarization was observed only 
in the particular phase, which is stable at around 
IT. Thus this fenockvtic phase is seemingly a 
Uunigue phase, and the link between the magnetic 
structures in this phase and in zero field is not 
clear. In the present compound, BasMz3Fe}022 
(BMFO), we have found the existence of a 
flexibly tunable ferwckectic phase in a much 
weaker magnetic-field region, thit is, the trans- 
verse conical phasc, which is continuously 
comectod by the small magnetic fields from the 
magnetic structure in zero field, while keeping 
the sense of the spin helix. [See (19) for details of 
sample preparation and measurements, 

‘The crystal structure of BMFO is compatible 
with the Yaype hexaferrite having the centric 


Fig. 2. (A) Magneto- 
‘electric phase diagram of 
BapMg,Fey2022 in mag- 
netic field B) along (100) 
85 determined by magne- 
tization curves at selected 
temperatures, (B) Magne- 
tization along [100] and 
(© electric P as a function 
of B. (nse A temperature 
dependent magnetization 
along [001] measured in a 
zero-field heating run after 
field cooling with 8 = 5 T. 50) 
Al the B-dependent data 

in (A) to (C) were collected 

‘on increasing 8. Plausi- 

ble spin configurations are ° 
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space group R3m, composed of altemate stacks 
of Lblocks and S blocks along [001] (Fig. 1A). 
Within cach block, the spins aligned ferrimag- 
netically within the [001] plane yield a large 
magnetic moment on the L block ancl a small 
‘magnetic moment on the S block [the former is 
2.8-fold langer than the latter (20)}. This material 
is ferrimagnetic below $53 K and adopts a proper 
screw spin structure with hy along [001] below 
195 K (Fig. 1B). The tum angle p between the 
moments on the same kind of the adjacent blocks 
is about 70° at 9 K (21), We also found a spin 
reorientation transition to a longitudinal conical 
sate at around $0 K (Fig, 1C), which showed up 
as the onset of the spontaneous magnetization 
along [001 (Fig. 2B inset), According to previous 
studies (20), competitive nature among super 
‘exchange interactions around the boundary be- 
‘tween the L and the S blocks is responsible for 
the screw-type spin structure and, perhaps, forthe 
reorientation transition as well 

The magnetic phase diagram for BMPO as 
functions of temperature and B ()|100]) is shown 
in Fig. 2. In addition to the proper screw state 
{and the longitudinal conical state below about 
50K) at B = 0, there are four kinds of magnetic 
phases: unexpectedly, three of them (FEL, FE2, 
and FE3) are ferroelectric phases, and the other 
‘one (PE) is paraclectric phase (Fig. 2C), Ax 
typified in Fig. 2B in the case of $ K, these phases 
are distinguishable by the plateaus in the M-B 
‘curve. MIM, (M, denotes the saturation magneti- 
aon) nereases a (proper screw: B~0°T) —+ 0125 
OT < B= ~60 mT) —+ 0.45 (FE2;~ 60mT < 
0.12 T) = 0.75 (FES; ~0.12 T < B < 
“38 T) = 1 (PE: B > 3.8 T), Although the 
‘magnetic structures of BMFO under magnetic 
ficlds have not been characterized as yet, the 
resemblance to BSZFO with regard to the MB 
and P-8 curves convinces us ofthe occurrence of 
similar sequential phase transition. 

As the applied B increased (Fig. 2C), P ine 
creased in accordance with the inerease of Mand 
reached a maximum in FE3 (-80 uC/m?), fol 
lowed by the collapse atthe phase boundary be- 
‘woun the FE3 and the spin-collinear ferrimagnetic 
PE phases. Notably, the ferroelectric polariza- 
tion Was observable even in the FEL phase near 
B= 0. in contrast to BSZFO, which showed the 
ferroelectric polarization only inthe intermediate 
(17) fiek!-induced phase (perhaps correspond- 
ing w the B = | T phase in BMFO). Accordingly, 
the magnetic structures of BMFO in the low B 
region, especially for FEL, should be different 
fioon the likes of the fan spin structure propose 
for the low-field phase in BSZFO (/4). Instead, 
FEI should have a transverse conical spin struc- 
ture with a cone axis nearly parallel wo B (as ik 
Jusrated in Fig. 2A). This is ascertained by the 
fact that in the FEL phase both the external field 
and the spin anisotropy are weak; the cone axis 
should follow the direction of magnetic field with 
the tum angle of the spins unchanged. Note that 
do is always parallel to the unique axis (001), 
imespective of the direction of B. The emergence 
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of P perpendicular to both ho ((001]) and the 
transverse cone avis (/B) strongly suggests that 
the spin-current model holds for FEL 

In onder to clarily the relationship between P 
and the conical or other long-period spin struc- 
tures propagating along [001] we studied the B 
dirwetion dependence of P under rotating B val 
ues of 30 mT, 0.1 T, and 1 T within the planes 
normal to (001] (horizontal rotation; 
to D) and normal to 120] (vertical rotation; 
3, Eto I), Before the measurements, B was first 
set to -1 Tand then inereased to a positive value 
for FEY (-30 mT), FE2 (~0.1 T), or FES (1 1), 

First, we noticed from Fig, 3, B and F, that i 
B= 30 mI both the ¢- and O-dependent P values 
follow nearly sinusoidal curves. Given that the 
applied fi the magnetic anisouwpy are 
‘weak, the cone axis should follow the direction of 
B while keeping the spin helicity intact. Then, on 
the basis ofthe spin-current model, the direction 
of is expected tobe perpendicular to both B and 
‘ky (Fig. 3A), and its magnitude is proportional to 
ind (Fig. 3E), in agreement with the observed 
feature, The slight deviation from the sinusoidal 
curve reflects the weak but finite magnetic 


A 


Fig. 3. (A) Schematic con- 
figurations for the measure- 
ments of ME polarization 
under the horizontally rotat- 
ing B and (E) that under the 
vertically rotating B. 9 and 0 
are defined as the relative 
angles between B and [120] 
‘and between B and (001), 
respectively. (B) to (D) 9 and 


[001] II 


anisotropy that drags the cone axis slightly away 
from the direction of B and causes the hysteretic 
behavior, as observed in the angle-increasing and 
decreasing uns 

The sind dependence of P with almost no 
hysteresis can also be observed in B= 1 (Fig, 
3D). This behavior is essentially the same as that 
reported for BSZFO (17). Acually, MIM, for 
FES is quite close to that for the intemmediate- 
field (~1 T) fermoclectric phase of BSZFO with 
the noncollincar ferrimagnetic structure with ho = 
(0. 0, 32), In the case of @ dependence, on the 
‘ther hank, P suddenly vanished around @ = -70°, 
and it never roovered to the initial state aflerwant, 
indicating the occurence of a transition 10 the 
collinear ferrimagnetic PE phase (Fig. 31), Simi- 
larly, although P under the horizontally rotating 
B of 0.1 Tshowed the nearly sinusoidal behavior 
(Fig. 3C), that for the vertical one was quite 
different, and its magnitude tended to be reduced 
as the external B rotated across the [001] axis 
(Fig. 3G). These results highlight the robust 
stability of FE1 against the all-dicctional B, or 
‘conversely that the P vector in FEI is highly tun- 
able by a rotating small B. 


REPORTS. [ 


Next, we show cyclic oscillation of the dis- 
placement current in BMFO under the small os- 
cillating B applied along [100] at 5 K. As shown 
in Fig. 4, A.and B, the displacement current and 
P oscillate with changing its sign and keeping 
almost the same amplitude, This behavior re= 
sembles the case of a conical magnet CoCT;O4 
(26), which exhibits the reversal of P upon the 
reversal of the magnetization M (or the cone 
axis). This feature has been interpreted in terms 
‘of clamping between the P and Af domains across 
the Bloch-type domain walls, However, BMFO 
shows quite a different mechanism of the may- 
netic reversal of P. While B oscillates, the longi- 
tudinal conical spin structure tends to appear at 
around B = 0, as shown schematically in the 
‘upper part of Fig. 4: Due to the presence of this 
Jonginudinal (M Ao) conical state at B = 0, the 
spin helicity as defined as Daf; $}) should be 
preserved on traversing the B= 0 point, This 
process leads tothe reversal of P with the reversal 
of Bl ko). [Note that the two states with M1 ky 
are degenerate at B = 0, Nevertheless, the spin 
hlcity around B = 0 is the same, leading to the 
identical consequence about the P reversal, 
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Fig. 4. (A) Oscillating 
cisplacement curent, (8) 
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ar to the case of B rotation around [120] 


‘We have found the magnetically induced 
fomoelectric phases at low B in a hexaerrite 
BayMy:FejO and succeeded in flexibly 


controlling the P vector in the transverse 
conical spin phase by handling the cone axis 
With rotating B of several tens of mT 
Considering the high elimagnetic ordering 
temperature of Y-type hexaferrites (up to 


above room temperature), our results offer a 
possible route to fiekd-tunable room-temperature 
ultiferroics. 
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Observation of Giant Diffusivity 
Along Dislocation Cores 


‘Mare Legros,*t Gerhard Dehm,? Eduard Arzt,”* T. John Balk* 


Diffusion of atoms in a crystalline lattice is a thermally activated process that can be strongly 
accelerated by defects such as grain boundaries or dislocations. When carried by dislocations, 
this elemental mechanism is known as “pipe diffusion.” Pipe diffusion has been used to explain 
abnormal diffusion, Cottrell atmospheres, and dislocation-precipitate interactions during creep, 
although this rests more on conjecture than on direct demonstration. The motion of dislocations 
between silicon nanoprecipitates in an aluminum thin film was recently observed and controlled 
via in situ transmission electron microscopy. We observed the pipe diffusion phenomenon and 
measured the diffusivity along a single dislocation line. It is found that dislocations accelerate the 
diffusion of impurities by almost three orders of magnitude as compared with bulk diffusion. 


fgets such as vacances, impurities, dis 
Die icin as ne 

tates control several material properties 
(cg. resistvity, magnetic coercivity. and strength), 
‘Of these defects, dislocations have motivated nu- 
merous studies, because their intrinsic ability t0 
multiply and to propagate determines many me- 
chanical propertics of metals and alloys. In ad- 
dition, dislocation fines can act as fast paths for 
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diffusing atoms, and this elemental phenomenon, 
known as pipe diffusion (/), is thought to origi- 
nate from the disordered core region that lowers 
the activation enengy for diffasin (2, 3). This con- 
cept ofa fast diffusion path in crystalline solids 
has been extended to screw or mixed-character 
dislocations (J. 4) and, collectively. to arrays of 
dislocation (i.e, grain boundaries) (5, 6). By 
creating a short circuit pathway. pipe diffusion 


‘can potentially affect various types of material 
behavior involving dislocations, impurities, and 
‘precipitates (c.g, ereep (7), dynamic strain 
(8, 9, crystal nucleation (10), oF 
(11). Itbocomes critical when diffusion paths are 
short, as in thin films and nanocrystals (12, 13), 
The measurement of diffusion through the 
core of a single dislocation was performed by 
Volin ef al. (14), with the use of ex situ trans- 
mission electron microscopy (TEM) to study’ the 
transfer of vacancies between a void and the sur= 
faces of an aluminum foil. Aside from this 
the phenomenon is either indirectly confimed 
(15) oF at best measured through grain bound 
rics treated as arrays of dislocations (16), 
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Fig. 1. Typical configuration of Si 
precipitates and ditocations observed 
by in situ TEM to study pipe difision. 
(AY TEM micrograph showing precip~ 
itates Py and P, connected by a dis- 
location seqment dy in an aluminum 
‘rain at 623 K.(B)Three-dimensional 
sketch ofthe configuration observed 
in (A; The dislocation segments dy 
tod, connect the precipitates to the 
free surfaces or the boundary of the 
‘ain (GB1 and GB2) and do not par- 
ticipate in the diffusion of Si from 
P, to Pa The larger arrow in (B) in- 
dicates the direction of the Si atom 
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flux The corresponding video (movie $1) and crystallographic information (ig. S1) are available as supporting material on Science Online. 


Diffusion isa thermally activated process. ant 
the pipe diffusivity Dp can be deseribed by the 
following equation 


Dp = Dry exp oe) 7) 


where k is the Boltzmann constant, Tis abso 
lute temperature, and Dry and Op are the pre- 
‘exponential factor and activation enengy for pipe 
diffusion that we want fo determine. 

‘TEM samples were thinned down as eross- 
sectional wedges until the AL lay 
precipitates and the underlying Si substra 
200 to 300 nm thick. The AI layer remains as 
100- to $00-\m-long electron-transparent thin 
beam (/7) consisting of columnar grains ( 
boo sinicture”). The goal of our in sity TEM 
heating experiments is to stabilize, within an AL 
sgrain, a dislocation between two Si precipitates of 
different size (see dy. Py, and Ps in Fi. 1) and to 
Iniintain this configuration at a constant temper- 
e. Dislocation motion is controlled via the 
nt of thermal expansion be- 
tween the AI film and the Si substrate, The driving 
force for Si atom diffusion from smaller to larger 
precipitates (Ostwald ripening (/8)] isthe difler- 
sence between the Gibbs free eneny of each pre- 
cipitate: that is, their chemical potential jx die 10 
surfce eurvat 


2Qdy 


Here, ris the radius of precipitate i, 0 is the 
‘atomic volume of Si, and + is the surface energy. 

In Fig. 2, five precipitates labeled Py to Ps and 
‘wo dislocation seyments dy and dy are monitored 
during an experiment at 623 K. Precipitates Py 
and P, are connected by the dislocation seement 
dy, whereas dy links precipitates Py and Ps, the 
latter precipitate being located just undemeath the 
free surface of the Al film. This configuration 
remained stable for about | hour, allowing us to 
‘observe the evolution of the Si precipitates in the 
Al matrix. As compared with others of simitar 
size (e.g. Pa), precipitate Py dissolves much faster 
(Fig. 2, A to D), This is because its Si atoms 
channel quickly toward precipitate Py through 


A 


300m Pe 


Fig. 2. In situ TEM observation of precipitate dissolution through a dislocation, T = 623 K. (A to D) Still 
micrographs: P, to Ps are Si precipitates, and dy and da are dislocation segments. Only P3 dissolves abnormally 
fast, because dy acts as a short circuit for diffusion. In (D), dis released once Px has completely dissolved, (E) 
Evolution of precipitate volume for Py and P, asa function of time. (F) Sketch ofthe evolution of Py, Pa, dy, and 
dy size and position from (A) to (D). 


dislocation segment dy. The volume evolution of dislocation dy is released and moves tothe closest 
precipitates Py and P. is ploted in Fig. 2E Once surface (Fig. 2, D and F). Figure 2F summarizes 
all the Si atoms are transfered from P, to P2, the positions and dimensions of Py. P>. Ps, dis 
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Fig. 3. Evolution of diffusivity (0) asa function of temperature. (A) Comparison experimental data (14, 29). Filled red circles represent the pipe diffusivity found 


‘of pipe and bulk diffusivity for Si in Al between 573 and 773 K. Curves composed 
‘of open squares (lattice self-iffusion of AD, open circies (latice diffusion of Si in 
‘AD, and open triangles (Al pipe self-diffusion) are plotted according to previous 


and dy from the micrographs in Fig. 2, A to D. 
The size of all precipitates, except Py, remained 
apparenly constant and precipitate Py, whike fixed 
in place, dissolved faster on the ke connected 
the dislocation, We conclude from this that Si 
diffusion around the particle surfice is not rate~ 
limiting for pipe diffusion 

The atomic Mus density Jp simply derives 
fiom the volume evolution dV dr ofthe smallest 
precipitate participating in pipe diffusion (i, Py) 


wm 
dt Osp 


oe a) 


The “pipe eross section” sp is usually calculated 
from the dislocation Burgers vector b. The atomic 
‘lux density is also relate to the pipe diffasvity Dp 


“Desa 
~ DUT AT 


Jp 


(4) 


ference in chemical poten- 


tial between precipitates Py and Pp and with AL 
being their distance. This equation explains why 


of dissolution (Fig. 2B): As the radius of Py 
diminishes, the gradient of chemical potential be- 
‘ween Py and P> increases, accelerating diffusion 
(Fig. 2E) Combining Eqs. 2 t0 4 leads to an 
expression for Dp that depends only on V4.4, 
ra. and AL 


relation for Dp results from the simple fom 
ibbs free eneruy (Eq, 2) in which we have 
neglected the strain energy of Si precipitates. The 
absence of notable strain gradients near the Si 
precipitates can be verified by analyzing the TEM 
bright-field contrast around the spherical precipi- 
tates (14) (Fig. 2) and the neighboring dislocation 
displacements and bowing. This lack of strain 
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_gradionts during the pipe diffusion process is more 
understandable in the thin-foil geometry of this 
study: The growth of lange precipitates should 
‘occurnonmal tothe TEM thin foil (200 10 300 nm 
thick, in general) that is, in the direction where 
‘potential elastic strains are lowest, This is because 
fee surface is always close to the larger precip- 
itates, which have a diameter of about 100 nm, 

As a result, the monitored area of larger precip- 
itates is not expected to vary significantly during 
in situ experiments, which is indeed thecase (17) 

‘Altogether, five successful experiments were 
carried out: two at 623 K (Figs. and 2) and one 
‘each at 673 K, 693 K (movie SI), and 723 K. At 
(623 K. the experiment described in Fig. 2 leads to 
a vale of Dp = 1.2 * 10" cm?/s whereas that in 
Fig. 1 gives Dp= 82 10° em?'s. This shows 
that consistent results are reach for experiments, 
repeated at the same temperature, even with dis- 
similar precipitate and dislocation configurations. 
Figure 3, A and B, presents the four values of Dp 
rosuliing from these experiments, plotted as filled 
red circles. The error bars correspond to the SD, 
primarily resulting from the tem Alt (17), For 
each temperature, this SD never exceeded 50% 
of the calculated median values of Dp. 

‘The surface energy y of the precipitates and 
the pipe cross section sp.can alsoalterthe value of 
Dp. We choose y = 1.2 Jim’, a mean value lying 
‘between () the experimentally measured surface 
‘energy of pure Si (20) and of AW/Si interface 
(1 Jin?) 21) and (i) the theoretically predicted 
Si {111} surface energy (1.15 <y < 1.9 Ym?) 
(22,23). These studies alo indicate that the close- 
packed planes of Si have similar surface enersies. 

The pipe cross section sp characterizes the 
higher diffusivity core region of the dislocation. 
Recent observations of Carell atmospheres around 
dislocations via atom probe tomography give an 
‘upper limit of the radial extent of impurities 
(24, 25), but these diameters (1S to 3 nm) cannot 
be directly related to sp. Picu and Zhang (26) 
simulated the pipe diffusion of Mg in dissociated 


{in the present study. Error bars calculated from the SD found on Dp values were 
added to these filed circles as vertical bars. (B) Logarithmic plot of Dp versus 1/7. 
‘The fitted line és used to determine the pipe diffusion activation energy (17). 


dislocations in Al and found that diffusion was 
confined within a region bounded by two adja- 


‘on the character and splitting of the dislocation, 
‘This means that most of the aecelerated di 
does not permeate beyond the first atomic neigh- 
‘bors around the dislocation core, The actual core 
saructure of a2<110> dislocations in AL is stil 
under debate (27), and high-resolution TEM 
images show compact cores with spreading less 
than 2b (28). For the pipe cross section, we 
therefore considered a disk with radius equal w 
the Burgers vector of a perfect a2 <110> dis- 
location (b = 0.28 nm), yielding sp = 0.25 nm. 
This value corresponds to diffusion confined 
inside the compact core of a perfect a2 <110> 
dislocation and also to the value adopted in the 
review by Balluff Granato (/6), which ale 
Jows for relevant comparison, Finally, we have 
‘ot systematically determined the dislocation char- 
acter, which could aso inflaence the value of Op. 
‘A dislocation analysis of the configuration do- 
seribed in Figs. 1 and 2 is shown in figs. Sand 
$2 and shows that the dislocation responsible for 
‘ine diffusion (dl) as mie character in this case. 

For comparison, the graph in Fig. 3A includes 
the bulk diffusivity of Si in AL (29, the self: 
diffusivity of Al, and the pipe diflusivity of va- 
cancies in Al (/4), In the temperature range 
investigated, the pipe diffusivity is about three 
‘orders of magnitude higher than that for balk and 
is similar in magnitude to the Al vacancy pipe 
diffusion deduced from Volin et al. (14) by a 
nondireet experimental method. The logarithmic 
plot of Dp as a function of 1/7 in Fig. 3B allows 
the calculation of both the pre-exponential factor 
Dpg and the activation energy Op for pipe di 
fusion via Eq. 1. A tincar curve fit of the four 
points in Fig. 3B yields Dpo = 7 em’/s and Op = 
108 ki/mol. This energy is very close to the sim- 
ulated value of p= 108.8 ki/mol for Mg diffu- 
sion through 60° dislocations (26), For comparison, 
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the experimental bulk values for diffusion of Si in 
Alare Dy =2 em?/sand O= 136kJ/mol (29). The 
pre-exponential factor Dp is thus larger than 
those found in the literature (/4, 29), but the ac~ 
tivation energy, Which indicates how easily pipe 
diffusion occurs, is 20% smaller than that for 
bulk difusion of Si in AI (29), Also, the activa- 
tion energy for interstitials (108 k/mol i higher 
than that fe (82 KJimol) (14), indicat 
ing easier diffusion of vacancies (3) 

Confirming previous theoretical studies, the 
present in situ TEM experiments establish that 
dislocations can transport atoms at rates orders of 
magnitude faster than bulk diffusion in a erystal 
nu the diffusivity and activation energy 
le dislocation should help to understand 
le grain boundary diffusion, accelerated 
precipitate growth, and high-temperature ereep in 
many alloys, A more fundamental insight into the 
tailed interactions between a dislocation and 
migrating vacanciow/merstitials is also expected. 
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Titan's Rotation Reveals an Internal 
Ocean and Changing Zonal Winds 


Ralph D, Lorenz,?* Bryan W. Stiles,” Randolph L. Kirk,? Michael D. Allison,* Paolo Persi del Marmo,> 
Luciano less,* Jonathan I. Lunine,® Steven J. Ostro,? Scott Hensley” 


Cassini radar observations of Saturn’s moon Titan over several years show that its rotational period is 
‘changing and is different from its orbital period. The present-day rotation period difference from 
synchronous spin leads to a shift of ~0.36° per year in apparent longitude and is consistent with 
seasonal exchange of angular momentum between the surface and Titan's dense superrotating 
atmosphere, but only if Titan's crust is decoupled from the core by an intemal water ocean like that 


on Europa, 


jtan’s massive atmosphere modifies its 
surface in many ways—notably by acoli- 

I an transport forming sand dunes and by 
‘uvial erosion forming river channels—and it 
has been predicted (/) that angular momentum 
exchange between the surface and atmosphere 
might lead to seasonal variations in Titan's spin 
rate oF length of day (LoD). Changes in wind 
pattems lead 10a seasonal change (2, ) in Earth's 
LoD of ~1 ms, superimposed on longer-term 
Variations in LoD due to gravitational tidal torque 
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from the Moon. On Mars, a seasonal variation in 
LoD of ~1 ms measured by lander radio tracking 
(#yoceurs as. result ofthe redistribution of mass 
Also, a gravitational lie 
ry revealing a liquid core was 
recently observed by planetary radar (5), These 
effects are quite subtle, but on Titan, a small body 
With a massive atmosphere, the changes ean be 
‘substantial: Global Circulation Mode! (GCM) pre- 
dictions of seasonal changes in LoD (/) are of 
some tens to hundreds of seconds (Titan’s side- 
real LoD is nominally equal to the orbit period of 
1,377,684 s, of ~15,945 solar Earth days). This 
change leads to displacements of surface features 
from their expected positions by tens to hundreds 
of kilometers over time scales of a Titan season 
{about one-fourth of the 29.5-year Satum orbital 
period), casily detectable by radar mapping. 

The high spatial resolution (<0. km) of 
mages from the Cassini radar instrument, couplet 
With the geometric precision relative toan extemal 


reference frame aflinded by radar imaying, his 
rwoently allowed Titan’s spin state 10 be doter- 
mined with great accuracy (6-8), In synthetic 
aperture radar (SAR) imaging acquired by Cassini 
between October 2004 and May 2007, there are 
19 regions on Titan that are observed in. more 
than one swath, Two independent analyses 
‘one (6) using. 150 manually determined landmark 
features, which are disphiced by up to 30 km 
between swaths if the locations are computed 
‘with the previously assumed pole position and a 
synchronous rotation, and another (7) using nu 
merical correlation of four overlapping images 
both indicate a spin rate of 22.5781° per day. oF 
0.36" per year faster than synchronous spin. 
These analyses also determine the pole position, 
indicating an obliquity of Titan's pole from its 
‘orbital plane around Satum of 0.3", This is smal 
enough to be meteorologically unimportant 
relative to the Satur system obliquity that drives 
Titan’s seasons (the ring plane, itself inclined by 
~0.3° to Titan’s orbital plane about Saturn, is 
{inclined to Saturn's orbit around the Sun by some 
jose to the present obliquities of Mars and 
th of 25.2° and 23.5°, respectively), Although 
the pole position (expected to precess on century 
to-millennium time scales because of gravitation- 
al torques in the situmian system) may provige 
constraints on Titan's intemal structure, notably if 
Titan is ina dynamically relaxed spin-orbit equi- 
librium [a so-called “Cassini State,” e,, (9-17). 
wwe focus here on the spin rate 

First, we note that Titan's spin-down time is 
short (<10° years) relative to the age of the solar 
system, so in the absence of external tongues it 
should be in an asympiotic end state with s) 
chronous rotation (/2), Indeed, less accurate 
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determinations (13, 14) of Titan's spin are 
‘consistent with synchronous or near-synchronous 
spin. However, transfer of angular momentum 
between the atmosphere and surfice can cause 
short-lerm (seasonal) variations about this long- 
term synchronous baseline that have eluded 
detection by prior methods. Overall nonsyn- 
cluoneity of Titan's atmosphere, surface, and in 
terior would require extemal forcing via an 
implausibly large revent impact and would be 
difficult to reconcile with the combined constraints 
‘of our measurements and prior determinations (8). 


‘Angular Momentum (kom?s") 


IC Titan were solid, uniform unditferentiated 
body it would have a moment of inertia about its 
rotation axis C = 3.4 « 10° ke m? = O4/MR?, 
‘Where isthe planetary mass and isthe radius. 
If it difterentiated into a rocky core with an ice 
‘mantle (9), then C~2.7 » 10° kgm? ~033/ MR 
‘On the other hand, the moment of inertia of an ice 
cerust alone, mechanically decoupled from the 
deep interior of silicates and high-pressure ie by 
a liquid layer of water or waterammonia, is 
much lower, only ~2.2 = 10 kg me for a crust 
70 km thick. These possibilities may be com- 
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Fig. 4. The radar determination of spin rate offset from synchronous rotation (shaded diagonal 
line) is equivalent to a determination of the ratio between angular momentum deposition 
(ordinate) and the moment of inertia attached to the surface (abscissa). The observed rate requires 
either that the crust is decoupled from the interior or that exceptional variations in atmospheric 
angular momentum occur. The GCM prediction is from (2), The Huygens Doppler Wind Experiment 
profile assumes that the atmosphere rotates as a solid body; a more probable cosine-latitude 
dependence would drop the angular momentum by a factor of 2. Atmospheric angular momentum 
values are for motion relative to Titan's surface. Mol, moment of inertia. 


Fig. 2. Solid circle plus arrow 
shows our measured longitude 
drift (relative to assumed syn 
cchronous rotation) and its rate 
of change as measured on 
Cassini flybys TA to 128. Pre- 
dicted drift rates are_much 
smaller (dotted line) if Titan is 
a solid body. The drift and its 
rate of change are the same 
magnitude and sign, but lag- 
ging by ~2 years, the predicted 
rotation if Titan's crust is de- 
‘coupled from the interior (solid 
line). Further observations inthe 
2008-2010 time frame, during 
the proposed extended mission 
‘of Cassini, may confirm the pre- 
dicted dectine and reversal of 
the drift (dashed tine). 


19) 


Drift Rate (deg/yr) 


6 
& 


21 MARCH 2008 VOL319 SCIENCE 


2010 


pared with the moment of inertia of the atmo- 
sphere Jaan taken as a spherical shell using the 
surface air density of 5.3 ky m_* and scale height 
of = 25 km: Jam = 4.9 = 10°" kg m?. In other 
‘words, the moment of inertia of the erust may be 
only 400 times that of the atmosphere (by 
contrast, this ratio is ~10* for Earth), 

Although all models, telescopic observations, 
and the measurements by the Huygens probe 
(16) indicate consistently prograde winds in the 
upper levels of the atmosphere, the lowest scale 
height of the atmosphere may experience 
seasonal reversal at some latitudes. This reversal 
is predicted (/) to almost balance the rest of the 
atmosphere, such that the total angular momen 
tur bug lative othe sure varies by -80P% 
about a mean of ~1.3 = 10° ke m? s (in an 
inertial frame the angular momentum varies only 
bby ~10%%, dominated by the rotational velocity of 
Titan itself) The effet on the LoD relates to the 
ratio of this angular momentum change to the 
crustal moment of inertia (Fig, 1); I'the angular 
‘momentum change is as predicted, itis clear that 
‘Titan's crust must be decoupled from its interior 
The same conclusion can be drawn even if the 
atmospheric angular momentum observed by the 
‘probe (adopting a wind speed proportional to co- 
sine of latitude) were completely exchanged with 
the surface, Only if the atmospheric angular mo 
smsturm wer to change by almost an onkr of 
nitude relative 49 what was measured (for whi 
there is no observational support) could a solid 
‘Titan be accommodated: this scenario might also 
‘require unphysical changes in total kinetic energy 

The existence of an intemal waterammonia 
‘ocean that mechanically decouples the erust from 
the interior has been kang predicted by cosmo- 
chemical and thermal models (77, 78) and has 
even been considered to be potentially habitable 
(19), Intemal oceans have been detected magnet- 
ically on Europa and Calisto (20) and are also 
presumed to exist on Ganymede. 

We note that the present magnitude of our 
dit is slightly smaller (0.36° per year) than the 
~0.6° per year predicted (/). This difference 
points 10 one oF more model assumptions that 
‘might be adjusted to achieve better agreement; 
for example, gravitational coupling between the 
cnustanda possibly nonspherical solid cone could 
alloct the rotation history, or the ie erust may be 
thicker than the 70 km assumed. A factor of ~2 
increase in thickness can be readily accommo- 
dated in thermal models. by uncertainties 
intemal heat flow. Indced, other evidence points 
to the crust not being thin: The 440-km-tiameter 
impact structure Menrva (2/) does not appa to 
have penetrated the erust in the manner of ice- 
breaching impacts on Europa, This implies th 
the crust was thicker than one-third the diameter of 
the transient cavity (about twosthirds of the final 
séameter) when the erate forme, oc atest 100 km. 

The spin rate also appears to be accelerating, 
relative to synchronous spin, by 0.05° per day 
every 100 years (Fig. 2), The mere existence of 
observable change supports the thin-crust 
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pretation above, This change is similar to that 
predicted (/) but is apparently delayed by ~2 
years, which suggests that GCMs may merit 
ent. An unavoidable deficiency in present 
sis the lack of surface topography, so 
‘atmospheric tongue is assumed to be attributable 
‘only to skin friction, However, itis known that 
there are kilometer-high mountain chains on 
and that a pressure field can exert & 
the surfice via pressure differences 
across mountain chains [e., (2, 23)). Another 
assumption that bears further examination is that 
‘of complete decoupling from the ocean. Friction 
at the bottom of the ice layer wouk! allow the 
‘ocean 10 act as another angular momentum 
reservoir, renerally providing a higher apparent 
moment of inertia than the ive erust alone, but 
likely increasing the complexity of the spin history 

Regandless of the details, an important and 
robust conclusion of this study is that the spin 
period can be expected to Vary substantially over 
time scales ofa few years, and indeed other data 
(8) show that the rate of change of spin rate must 
have been different over the past coupke of 
decades, Taking the phase-layged model as a 
guide, Tian’s spin should peak during the pro- 
posed extended mission (2008-2010) and then 
begin to decline, We predict that other anticipated 
‘Cassini results, such as determination of the tidal 
Love number fy (/2) trom ratio tracking (24), 


\ill be consistent with an intemal aqueous ocean, 
Induced magnetic fields in such an ocean, which 
might independently constrain the ie thickness 
and ocean conductivity (25), will be difficult to 
detect on Cassini flybys, although a future dedi- 
‘cated Titan orbiter lander mission could succeed, 
Such a mission would itself provide new rotation 
measurements of this body, which combines the 
astrobiological appeal of a subsurface water 
‘ocean on an organic-rich icy satellite with solid- 
body rotation effects driven by atmospheric 
dynamics that are more profound than thos: 
observed on the terrestrial planets. 
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Chloride-Bearing Materials in the 
Southern Highlands of Mars 


'M. M, Osterloo,”* V. E. Hamilton,? 
P.R, Christensen,” L. L Tornabene, 


L. Bandfield,”+ T. D. Glotch,® A. M. Baldridge,” 
FS. Anderson* 


Chlorides commonly precipitate during the evaporation of surface water or groundwater and during 
volcanic outgassing. Spectrally distinct surface deposits consistent with chloride-bearing materials 
have been identified and mapped using data from the 2001 Mars Odyssey Thermal Emission 
Imaging System. These deposits are found throughout regions of low albedo in the southern 
highlands of Mars. Geomorpholagic evidence from orbiting imagery reveals these deposits to be 
light-toned relative to their surroundings and to be polygonally fractured. The deposits are small 
(25 km?) but globally widespread, occurring in middle to late Noachian terrains with a few 
‘occurrences in early Hesperian terrains. The identification of chlorides in the ancient southern 
highlands suggests that near-surface water was available and widespread in early Martian history. 


1 Eath, chlorides are formed by precip- 
On fom evaporating srtce (6. 

saline lakes) or groundwater*bydro~ 
thermal brines, as voleanic sublimates (e.g. at 
fumaroles) and by efflorescence (diect erystali- 
zation onto sediment grains forming crusts) (1) 
Typically, chloride deposits produced by precip~ 
itation have lange surtace reli and polygonal to 
blocky morphologies, whereas efflorescence 
tends to produce thin crusts (/), For terrestrial 
evaporite systems, the most important variable 
for the resultant brine composition and saline 
mineral assemblages is the composition of the 
dilute water at the onset of concentration (evap- 
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oration) (2). Generally, chlorides in terestrial 
settings occur in alkaline environments and are 
the last minerals to precipitate out of saline 
bbrines, preceded by various carbonates, sulfate 
and silica. On Mars, saline minerals (including 
various chlorides) are predicted 10 form from 
acidic Muids derived from basaltic weathering 
(3). Geologic environments that contain saline 
minerals are of key interest to the exobiology 
community because they are potentially arcas of 
biological activity and chemical sedimentation, 
Which is optimal for the preservation of bio- 
logical signatures and a high priority for future 
exploration by orbiting and landed missions (4). 


‘Using Mars Odyssey Thermal Emission Im- 
‘aging System (THEMIS) data (5), as. well as 
supporting data from the Mars Global Surveyor 
(6) and Mars Reconnaissance Orbiter (7), we 
have identified a compositional unit on Maas that 
‘contains mineralogical component likely atrib- 
Uutable to chloride salts, We initially identified 
these deposits because of their spectra distinc 
tivencss in filse-color, decorrelation stretched 
(DCS), THEMIS daytine infant radiance images 
(9). The deposits range in area. from ~1 km? to 
~25 kni* and generally are topographically lower 
than the immediate surrounding terrain. The spec 
trally distinct deposits commonly exhibit is 
ular outlines (Fig. 1A) and occur ess commonly 
in small craters and sinuous channels (Fig. 1, Bo 
). Our examination of the THEMIS daytime in- 
fared data set has revealed ~200 of these deposits 
throughout the low albedo, mid-torow latitude 
2). coresponding to mid 
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Fig. 2. All images are THEMIS 8/7/5 DCS radiance images. (A) 108831002 (-221.0" E, -38.8° N) showing 
spectrally distinct materials in blue. Red bores indicate areas averaged for spectral analysis, and the black 
box indicates HiRISE coverage. (B) 107808003 (-205.5°E, ~32.7 “N) showing spectrally distinct materials 
following sinuous paths, abutting Sirenum Fossae, and occurring in lowlying areas near craters. (O) 
107815002 (-~4.1° E, -280° N) showing spectrally dtinct materials filing a small crater, as well as occurring 
a patches. (D) Spectally distinct materials following sinuous path in 107830004 (-290.8° E, ~34.0° N). 
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Fig. 2. Global distribution of spectrally distinct materials overiain on TES Lambert albedo and MOLA 
shaded relief. 


Nouchian [~3.9 10 ~38 billion years ago (Gya)] 
terrains and the Hesperian ridged plains unit (3.7 
10-35 Gya) (9) 

THEMIS surface emissivity spectra (/0) of 
the deposits show that they have a spectral shape 
that is unlike any previously studied surface type 
(1-14), Whereas the regional materials (Fig. 3A) 
exhibit basaltic spectral shape, the distinet depos- 
its are characterized by higher emissivity across 
the 1260 10 900 em" 
Jess spectral slope 
Higher spectral resolution (10 cm 
Thermal Emission Spectrometer (TES) data 
be used to further constrain the min 
these surfaces, although at lower spatial resolution 
(3 * 6 km minimum) (8), In Terra Sirenum, the 
spectrum of the spectrally distinct material is 
similar to that ofthe surrounding terrain in that it 
exhibits a shape similar to that of a basalt but it 
diflers in having a negative spectral slope (Fig 
3B), The basaltic shape is attributable tothe large 
spatial area measured by TES relative to THEMIS, 
\Which lads to subpixel mixing and dilution of the 
spectrally distinct material by the rewional basaltic 
materials, Spectral ratios were use to 1 
tures.common to both spectra and deriv 
spectral shape that represents the diffore 
tween the two materials (/5), The resu 
spectrum is relatively featureless and slopes 
toward lower wave numbers, as shown in Fig, 
3B. A slight residual “hump” in the rato spectrum 
between ~1330 and 830 em? resembles the 
basaltic shape (Inverted) and is attributable 
difference in spectral contrast between the (wo 
spectra, both of which include basaltic materials 
Therefore, we conclide that the spectral charae- 
ter of the spectrally distinct deposits is nearly fea 
tureless and inconsistent with previously derived 
TES surface shapes (8, //-14). Quantitative linear 
deconvolution and factor analysistarget transfor 
‘mation analyses of the TES data also indicate that 
phases with weak spectral features and negative 
Slopes are candidates for the component that is 
responsible for the spectrally distinet materials, 
although there is no phase in our spectral li- 
brary [Which contains >200 rock and mineral 
phases, including phyllositicates. and sul 
(16) that results in a good model ft (8). 

A negative spectral slope in mid-infrared 
emissivity spectra can arise from errors in the 
derivation of temperature in the proce 
Yerting radiance (a temperature-dependent pia- 
rameter) to emissivity (which is independent of | 
temperature) (8, 7). The separation of temper- 
ature and emissivity relies on the assumption that 
the observed radiance represents a single of nar- 
ry range of temperatures (ex. few degrees K) 
the emissivity of the materials is unity at 
point in the spectral range. We find no 
evidence for large temperature variations at the 
100 mpixel scale of the THEMIS instrument that 
‘would introduce such temperature errors (8). How 
exer, ifthe observed materials do not exhibit unit 
«emissivity (as assumed at some point in the wave- 
‘number range used to determine the target temper= 
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ature), incomect temperatures may be derived 
during the conversion of radiance to emissivity 
(8). For materials having a maximum emis- 
less than unity the target temperature will 
be underestimated and a slope will be imparted 
to the resulting emissivity spectrum (7). 
Virtually all siticate phases (and most carbon 
sulfate, and oxide phases) exhibit nearsunit 
ivity at some point in the 1350 to 300 em? 
range used for the TES temperature-emissivity 
‘separation (/§); however, some chlorides have rel 
atively featureless spectra in this range (8,19, 20). 
more chlorides as a component of the 
Martian materials would reduce emissivit 
ing incorrect temperature derivation and introduc- 
ing a slope in the emissivity spectrum. Chloride 
salts have been identified on Earth in infrared 
multispectral data on the basis of similar obser- 
Vations: for example, the presence of halite was 
accurately inferred in Death Valley, California, 
by a lack of spectral features in high-resolution 
MODIS (Moderate Resolution Imaging Spectro- 
rialiometery ASTER (Advanced Spacebome Ther- 
mal Emission and Reflection Radiometer) Aitbome 
Simulator (MASTER) which covers a similar wave 
Jength range as the THEMIS instrument (8, 21), 
Based onthe observed Martian spectra, the assump- 
tion of unit emissivity during TES and THEMIS 
data reduction, the laboratory measurements of the 
behavior of chloride salts, and. similar temetrial 


Further insight into the nature and ori 
the putative chloride-bearing deposits is provided 
by visible images from THEMIS (5), the High 
Resolution Imaging Science Experiment (HiRISE) 
(7), and the Mars Orbiter Camera (MOC) (6), 
topography from the Mars Orbiter Laser Altimeter 
(MOLA) (22), an thermal inertia from THEMIS 
hight data (23), MOC images (-2.95 mw pixel) 
‘of the Terra Sirenum deposit and other deposits 
across the southem highlands show that the 
chloride-bearing materials are light-toned: in ad- 
dition, they exhibit pattemed-ground and etched- 
terrain morphologies. Higher spatial resolution 
(25.3 empisel) HiRISE images ofthe materials, 
{in Tera Sinenum also show the putative chloride 
bearing materials to be light-tonet and highly 
finetured and to have an etched morphokey that 
‘may indicate cemented aolian bedforms (Fig. 4. A 
and B), The chloride-bearing materials appear to 
have been exposed by erosion of dark materials, 
which are observed bordering. the light-toned 
deposit Fig 4A), 

‘The pervasive polygonal fracturing observed 
in the HiRISI is irregular, with variable 
diameters (Fig, 4B.). The fractures defining the 
polygons crosscut ridges and valleys and occur 
along ridge crests, indicating that the surface isan 
indurated material (Fig. 4C). Thermal inertia 
derived trom THEMIS nighttime infrared obser- 
vations indicates that the chloride-bearing 
‘material in Terra Sirenum has a thermal inertia 
close to 400 Jim 7K 'S "2 whereas values forthe 
surrounding terrain are substantially lower (180 


10 280) (23), The values for the putative chloride 
bearing deposits are consistent with a mean par- 
ticle size of fine gravel 2 to4 mm) (24. However, 
thermal inertia is not a uniquely. interpretable 
parameter, and values in this range also are 
consistent with smalle-grained particles that ane 
cemented together (25). The latter is consistent 
With the generally crusty to indurated appearanc 
for the chloride-bearing deposits observed in the 
MOC and HiRISE imagery 

‘The relationship between the putative chloride- 
bearing materials and craters is complex. A 
number of small (<300 m diameter), highly 
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degraded craters appear to predate the chloride 
bearing materials in Terra Sirenum, indicated by 
polygonal fractures crosscutting the erater rims 
and sidewalls (Fig. 4C), Larger eraters (~300 to 
900 m) in the same area appearto have excavated 
through the materials, covering them with ejecta 
(Figs. 1A and 4A), In other locations, chloride 
bearing materials fill the Moors of degraded 
craters but do not fill nary, less degraded craters 
(Fig. 1C)-In Terra Sirenum, a small erater ~S04) m 
-toned, putative chloride 
bearing materials in cross-section and reveals 
that the stratigraphic unit containing the putative 
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Fig. 3. (A) THEMIS surface spectra from image 108831002 in Terra Sirenum. (B) TES data for the 
spectrally distinct materials and the surrounding terrain. The ratio of the spectrally distinct surface to 


the surrounding terrain is shown at top. 


Fig. 4. (A) HiRISE image PSP_003160_1410, which includes the location of color data; locations of 
color inset images are indicated by red boxes. Crater ejecta overtie the light-toned materials, as 
indicated by the red arrows. (B) Polygonal fractures. (C) Chloride-bearing material appears to post-date 
small, degraded craters. (D) Small patches of chloride-bearing material with ambiguous stratigraphic 
relationships. (E) Light-oned materials are visible in the wall of this ~500-m-diameter crater. 
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chloride-bearing materials has a substantial thick- 
ness (Fig, 4E) (8). 

Ona global scale, the chloride-bearing mate 
rials occur at a wide range of ckvations, rangi 
from roughly -3 wo 3 km, MOLA gridded 
Vation data show that individual deposits. not 
Jocated in crater floors commonly occur it local 
topographic lows relative fo the immediate sur 
rounding terrain, As described previously, many 
‘ofthe deposits occuras small, isolated patches: in 
‘conjunction with their locally low elevations, this 
suggests they most likely represent incontiguous 
Units. Additionally, within a region containing sev 
eral deposits, the putative ehloride-bearing mate- 
rials may occur at different elevations relative to 
‘each other, indicating tha the formation postdates 
the stratigraphy, although it may also suggest the 
presence of multiple units in the stratigraphy. 

On the basis of our observations, a number of 
inferences can be drawn about how the putative 
chloride-bearing deposits might have formed on 
the Martian surface. The widespread distribution 
‘of the deposits suggests that the climatokogical 
hysdrological conditions that facititated their dep- 
‘sition were global in sea, However, oecan-scale 
bodies of water would appear to be inconsistent 
with the deposits’ concentration in the cratered 
‘southern highlands, Alone, local-scale processes 
‘such as fimarolic activity are unlikely to produc 
the observed global distribution and. differing 
morphologies of the deposits. Similarly, etllores- 
1x alone does not account for the observed 
polygonal morphologies of the deposits, which 
fare more consistent with desiccation cracks in 
thick salt deposits forming through precipitation, 
The occurrences of putative chloride-bearing 
Imaterials in erater loors and in association with 


ponding and evaporation of brines trapped from 
surface runofT or by the intersection of ground- 
water with the surface. Additionally, impact mel- 
ing and mobilization of subsurface groundwater 
{or ground ice) could also be a viable mechanism 
forthe production of chlorides. Based on our ob- 
servations, we believe that the majority of the 
deposits were formed by chloride precipitation 
‘processes, although itis likely that in various ko- 
cations, some of the materials ane efMlorescent salts 
‘or volcanic sublimates or were precipitated from 
hydrothermal brines (8). Locations whene the strat- 
jsraphic relationship between the putative chloride 
bearing materials and surrounding terain is not 
clear (Fig. 4D) may be candidates for reactivation 
andior modification of the original deposits by 
eMlorescence. 

The abundance of these deposits indicates 
that the formation of ehloride salts on Mars has 
‘been an important process (26, 27). The deposi- 
tion of widespread chloride-bearing materials in 
the ancient southem highland terrains of Mars is 
further evidence of the presence of extensive 
reservoirs of surface andior subsurface groand- 
water in the plant's carly history (8), 
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Sulfur and Chlorine in Late Cretaceous 
Deccan Magmas and Eruptive Gas Release 


Stephen Self,” Stephen Blake, Kirti Sharma, Mike Widdowson, Sarah Sephton 


Large-volume pahoehoe lava flows erupted 67 to 65 million years ago, forming the Deccan Traps, India, 
The impact of these flood basalt eruptions on the global atmosphere and the coeval end-Cretaceous 
‘mass extinction has been uncertain. To assess the potential gas release from this volcanism, we measured 
sulfur and chlorine concentrations in rare glas inclusions inside crystals and on glassy selvages preserved 
within lavas. Concentrations range from ~1400 parts per million of S and 900 parts per millon of Clin 
inclusions down toa few hundred parts per million inthe lava. These data indicate that eruptions of Deccan 
lavas could have released at mast 0.103 weight % ofS, yielding up to 5.4 teragrams of SO- per cubic 
kilometer of lava. A more conservative estimate is 0.07 weight % of Sand 0.04 weight % of C., yielding 3.5, 
teragrams of SO2 and 1 teragram of HClfor every cubic kilometer of Lava erupted. The flows were very large 
in volume, and these results imply that huge amounts of S and Cl gases were released. The environmental 


rutions, both individual evens ana groups 


E= most voluminous subaerial voleanic 
fof closely spaced eruptions, happened dur- 
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impact from even individual eruptions during past flood basalt activity was probably severe. 


ing the formation of flood basalt provinces (J. 2) 
These eruptions would have had a widespread 
‘environmental impact only through the release of 


these, S gas releases are important in modem 
basaltic eruptions for causing atmospheric sulfite 
aerosol clouxls, with well-documented climatic 
‘weather, and other environmental effects (4), the 
distribution and severity of which have been rep 
Ticated by modeling (5). By contrast, amount 
CO, released to the atmosphere even by food 
‘basalt volcanism are thought to have been insuf- 
ficient, when compared to the natural atmospheric 
reservoir, to have caused noticeable radiative 
fects (2, 6), However, missing from these con- 
siderations have been directly measured data from 
the lavas that would constrain the amount of gas 
added to the atmosphere, The Sand Cl contents 
of the magmas can be assessed indirectly by 
using a petrologic method (7, $) that has been 
validated by satellite-based measurements of SO 
fiom recent eruptions of basaltic magma (9). 
Here, we present direct determinations of S 
and Cl in glass inclusions in crystals in ancient 
basaltic lavas of the late Mesozoic, ~67 to 68 
million years ago (Ma), Decean flood basalt 
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province, India (/0) (table S1) and discuss the 
Potential amounts of degassed volatiles released 
by these eruptions. We examined phenocryst- or 
mictophenocryst-hearing tholeitic Deccan basalt 
lavas (Fig. 1) in thin section to identify those that 
contained glass (melt) inclusions in which the 
‘original, pre-eruption, volatile content might be 
preserved (9, 1). Only one partial major-clement 
analysis of a Deecan glass inclusion [including 
HO by Fourier transform infrared (FTIR) spec- 
trascopy, but excluding S] has been published 
(12), After scrutinizing some 150 thin sections 
spanning all major main Decean stratigraphic 
formations, we found only four samples that 
contained crystals with glass inclusions free of 
cracks, bubbles or crystallites and that gave elec 
tron microprobe analyses with acceptable totals 
[98 to 101 weight (wt 

‘The four samples are from lava lobes posi- 
tioned in three stratigraphic units exposed in the 
Matheran-Nasik area northeast of Mumbati: the 
Jawhar, Neral, and Thakurvadi Formations of 


Volcano Dynamics Group, Department of Eath and Envi 
fonmental Scences, Open Univesity, Miton Keynes MKT 
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Fig. 1. Photo of 500-m-high stack of Deccan lava flows in the Mahabaleshwar 
area; dark bands are cores of large pahoehoe sheet lobes. [Photo, M. lava sample MG4. (B) Neral Formation pahoehoe lobes from which sample 
‘Widdowson.] (A) Back-scatter electron image of rounded glass inclusions _MG4 came; tape is extended 10 cm. [Photo,S. Self] 
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the Kaubai Subgroup table $1}. The glass incla- 
sions are in (i) microphenocrysts of olivine (Fig 
1A) in a group of small pahochoe toes (Fig. 1B) 
and plagioclase crystals from a thicker sheet lobe 
Iying above the toes (possibly both are from the 
same lava flow field) in the Neral Formation, 
collected near Neral (samples MG4 and MGS (i) 
phenoarysts of plagioclase fom the altered ghxsy 
selvage of a lava lobe within the Thakurvadi For- 
imation, colkected near Igapuri (Sample Blgl; and 
{Gila phenocryst of plagioclase from a lava lobe 
in the upper part of the Jawar Formation, cok 
Iected near Nasik (sample Thg3), Only lobes 
from which sample MG came had quenched 
glasy selvages sufficiently well preserved for 
residual volatile contents to be measured. Similar 
samples ftom outer selvages of modern basaltic 
lavas (73, /4) represent magma that has degassed 


at the vent and has undergone a small amount of 


crystallization to a few millimeters beneath the 
‘quenched lava surface, The rarity of glassy mate 
Fial is unsurprising considering the age and the 
tropical environment of the Deccan lavas, 

The whole-rock compositions of our samples 
(table $3) are typical of those of their respective 
Analyzed glass compositions. are 
tly more evolved than the whole rocks duc 


EPOR 


toinsitu crystallization. Results (table $3 and fig. 
SI) indicate thatthe pre-ruption magmatic melt 
‘phase contained <1400 pars per million (ppm) of 
S. However, some inclusions have lower S con- 
centrations, 400 to 800 ppm, suggesting that they 
were trapped in crystals that grow afer the mag- 
smuthad already partially degassed, possibly in the 
conduit during transport to the surface [compare 
with inclusions in olivines from basaltic lavas 
formed in the ongoing activity at Kilauea vol- 
«ano, Hawaii (/5)), The highest chlorine content 
of the inclusions is 900 ppm, and, within one 
lava, Cl content appears to be mone variable than 
the Contents ofS. The average degassed concen- 
trations of Sand Cl in the one lava sclvage glass 
(MG: 1 = 33) are 370 = 70 (1 0) (range of $50 
to 280) and 220 © 80 ppm, respectively. The 
highest S contents are comparable 10 those of 
undegassed midocean ridge basalt (MORB) 
samples displaying the same FeOwet (Fig, 2) 
The S content of the degassed MG matrix is 
comparable with values in deyassed subserial, 
moder-historic tholeitic basaltic lavas. and 
pytoclastics (7-9), 

Amounts of S and Cl degassed from the 
magma during eruption can be estimated by 
‘comparing the S and Cl contents of glassy lava 


(20 to 50 um across) in euhedral olivine crystal (200 jum across) from Deccan 
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selvaes, representing degassed magma, and glass 
inchisions in crystals, representing melts trapped 
before anor during degassing. The difference 
between the highest S concentration in an in- 
clusion (1400 ppm) and the average lava sclvage 
in MG (370 ppm) amounts to 1030 ppm of S, 
‘equivalent to the release of about 5.4 Tg of SOs 
km of lava enupted. However, the matrix glass 
in MG is more evolved than that found in glass 
inclusions (table S3), indicating that the dif- 
ference in volatile content includes the effects of 
variable degrees of syn- and pesteruptive erystal 
growth, not just degassing. This result agrees 
with findings from glass inclusions and matrix 
itlasse in tholeitc lavas of the Columbia River 
Basalts (//) and Ieeland (7), 

‘A more-accurate estimate of the amount of 
S and Cl released can be calculated by taking 
account of amounts of erystallization between 
inclusion entrapment and quenching of the glass 
inatrix (/7, 76), BY using the approach in (76), we 
found the mass of sulfur released as a percentage 
‘of the mass of lava erupted 0 be 0.071%» = 
0.007% in the case of MG4 and 0.059% = 
(0.005% in the ease of MGS, if this lava degassed 
to the same extent as MG, a reasonable as- 


‘sumption given the uniformly low S contents of 
athses fiom asic lava sehages (8. These 
values 


nskite 3.3 0 3,8 Ty of SOz km? of 
ed. For Cl, the mean concentration in 


‘Cleoncentration ina glass inelusion (0,09 wt) 
(6) implies that 0.04 wt % of CL was lost, a yk 
of | Tg of HCI km? of lava. Actual amounts 
oassed likely varied between the values esti- 
mated by these two approaches. 

Decean values for S release are slightly less 
than those infeed during eruption of the Miogenc- 
‘age (~ 15 Ma) Roza lava in the Columbia River 
province, United States (//), which are <1500 
ppm of $ (average of 1370 ppm) and <110 ppm 
‘of Cl equating to a maximum SOs wlease of 7.7 
{average of 7.0) Tg per kn! of lava enupted. The 


Roza magma had higher Fe than the Deccan 
‘examples and is thus expected to have had higher 
concentrations of dissolved S, but the Deccan 
‘magmas evidently released more Cl gas per unit 
volume of magma erupted. 

Observations and measurements of S degass- 
ing from historic basaltic eruptions (7, 8) imply 
that 75% of the gas released from the magma 
‘escapes at the vents and is Jofied to the mid- to 
hhigh troposphere and to the lower stratesphere, 
especially when vigorous fire-fountaining occurs 
(4). The remaining 25% of ost gas escapes from 
the lavas it flows over the ground to form a ow 
Iying sulfate acrosol cloud or “vos” 

ur estimates are most applicable to erup- 
tions that generated the lower Deocan fava forma 
tions but may be appropriate for many cruptions 
during emplacement of the main province. Be- 
twomn [= 10° and 2 * 10° km? [recently esti- 
mated 1 be 1.3 = 10° km? (J7)] of lava was 
rupted over ~0.5 to OS million years (8, 19), 
However, long-term time-averaged gas release 
rates are meaningless in regard to atmospheric 
perturbations because of the pulsatory nature of 
Yoleanism. Durations of pulses of Deccan erup- 
tive activity are not known, but the eruptions 
were huge, yielding up to several 1000 kin? of 
lava (20), An eruption of 1000 km? would have 
released between $.4 = 10" and 3.6 © 10° Tg of 
SOs, This amount would have boen released, by 
analogy with the Roza eruption, over time pe- 
riods of years to decades (2/). Accondingly, an 
eruptive volume twice that emplaced over the 
same time period Would yield annual rekeases up 
toand exeeating 1000 Tg of SO3. Thus a semi- 
persistent gas release of hundreds to thousands of 
{eragrams of SOs per year can be envisaged for 
each Deccan eruption. The values for C1, and 
possibly S, may be minima because ofthe possi- 
bility of an excess gas phase coexisting with the 
melt at preerystallization pressures (22). 

Annual gas-release rates for flood-tasalt ac- 
tivity proposed here are several times larger than 


Fig. 2. Plot of S versus 020 
FeO for Deccan incl 
sions and matrix glass an sed 
data; MORB data isfrom 
(28). 
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scent anthropogenic emissions of SOs, ~80 Tig 
of S, and more than an order of magnitude 
seater than the curent global background vol 
canic $02 emission rate, -10 Tg of § (23, 24). 
The climatic and hazardous effects of massive 
Deccan gas discharges via aerosols, acid ran, oF 
‘ozone depletion should form important topics 
for future studies. Current models do not permit 
analysis of the formation of aerosols or their at 
mospheric circulation and potential radiative ef- 
fects 65 Ma Moreover, extrapolation fiom changes 
‘caused by modern silicic Plinian eruptions such 
a Pinatubo 1991 may be misleading because of 
differences in duration of the injections and in 
factors such as rise heights of voleanie plumes 
and formation rates and lifetimes of aerosols 

Late Cretaceous atmosphere. Ifthe effects of the 
S-month-long Laki 1783 eruption (SOs yield of 
~120 Tg) can be used asa guideline (4, 5,25,20), 
then maintained releases of 1000 Te. of SOx 
year! would cause damaging atmospheric pertur- 
tutions. These results provide a quantitative basis 
for future moving of the environmental impact 
of flood bast volcanism and its role in- major 
biospheric changes during Earth history (2,27), 
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Atmospheric Hydroxyl Radical 
Production from Electronically 
Excited NO, and H,0 


‘Shuping Li, Jamie Matthews, Amitabha Sinha* 


Hydroxyl radicals are often called the “detergent” of the atmosphere because they control the 
atmosphere’s capacity to cleanse itself of pollutants. Here, we show that the reaction of electronically 
‘excited nitrogen dioxide with water can be an important source of tropospheric hydroxyl radicals. 
Using measured rate data, along with available solar flux and atmospheric mixing ratios, we 
‘demonstrate that the tropospheric hydroxyl contribution from this source can be a substantial fraction 
(50%6) of that from the traditional O(*D) + H,0 reaction in the boundary-layer region for high 

solar zenith angles. Inclusion ofthis chemistry is expected to affect modeling of urban air quality, where 
the interactions of sunlight with emitted NO, species, volatile organic compounds, and hydroxy radicals 
are central in determining the rate of ozone formation. 


‘yalrony! radicals are the single most im- 
Hirst stmt sn 

they are the agent primarily responsible 
{or removing the majority of gases emitted into 
the atmosphere by natural and anthropogenic 
activity (1-6), Hence, accurate modeling of the 
‘oxidizing (or cleansing) capacity of the atmo- 
sphere requires knowledge of all. substantial 
sources of these mdicals. Studies of the upper 
troposphere and polar regions have reported 
discrepancies between model predictions and 
measured HO, (where HO, = OH = HO) con- 
centrations associated with chemistry specific 
to high solar zenith angles (7-9), These ditfer- 
ences not only hightight the difficulty of mea- 
suring atmospheric OH concentrations but also 
the potential variability arising from incomplete 
accounting of all major sources and sinks of the 
radical. Recently, several unconventional photo- 
dissociative sources of HO, have been reported 
(10, 11). Here, we show that the bimolecular re- 
action of electronically excited nitrogen dioxide 
(denoted by NO2* and generated by the absorp 
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tion of visible light) with water molecules ean 
lead to substantial OH radical production. The 
fact thatthe reaction is initiated by the portion of 
the solar flux that readily penetrates into the 
lower atmosphere over a broal range of zenith 
angkes, combined with the relatively large eon 
centrations of NOs and water in the woposphere, 
suggests that this source will be an important 
addition tothe tropospheric OH bude 

The primary production mechanism of tro- 
posphcric OH radicals is through the photolysis 
‘of azone, which generates O('D) atoms at wave- 
lengths % < 320 am. Although most of these 
excited atoms are deactivated through collisions 
with background gases, a small fraction of 
them are able to react with water to form O11 
radicals (6, 12). 


Os + (320 nm) — OCD) + Oz 


a 


Of'D) » M—= OCP) + M ea) 
(Where Mis Nz or 03) 
OCD)» 1hO = 201 8 


tn reaction 2, h is Planck's constant and is 
the wave's frequmncy. When a steady-state ap- 
proximation is applied to the OC'D) atoms, a 
kinetics analysis of the above reaction sequence 


gives the production rate for OH (Rox) by 
mechanism as 


rks] HO} Os) Uo] HzO] © Ay] M 


“ 


Row 


In Eq, 4, /1 is the Os photolysis rate to form 
OCD), fe is the rate constant for collisional d= 
activation of O{'D) by “ait” hy is the rate con- 
stant for the reaction of OC'D) with water, and 
[1:0] isthe concentration of HO. An important 
‘constraint ssociated with the above mechanism 
is that it requires the absorption of ultraviolet 
(UV) light. There are situations, however, such 
as those corresponding to high tropospheric solar 
zenith angkes, where the sunlight traverses an 
‘extended! optical path through the atmosphere, 
resulting in the incoming solar flux being 
greatly depleted of its UV component because 
‘of scattering and absorption. For these scenarins, 
aliemate OH production mechanisms involving 
Photochemical procewes occurring at longer 
wavelengths can become important. Electronic 
excitation of NO3 by visible Hight provides the 
molecule with suflicient energy’ 10 overcome the 
9.8 kealimol endothermacity associated with 
the NOy * H,0 reaction (13). Thus, the re 
tion of NO3* with water can be a major source 
of tropospheric OH radicals, 

To better appreciate the OH-generating po 
tential of this mechanism, we note that NOs has a 
‘broad absorption spectrum between 250 and 650 
‘nm with a mxximum near 410 nm, Absorption of | 
radiation by NOs at wavelengths shorter than 
20 nm Ieads to photodissocation and the for- 
mation of OFP) atoms in the atmosphere (/3, 14). 
In contrast, excitation at longer wavelengths (a> 
420 nm) leads to the formation of NOs* with 
Ayorescence lifetimes of 40 to 60 js (15), The 
Jon lifetimes ofthese states arise from the mixing 
of the B°B, and A7B, excited electronic states with 
the X7A, ground electronic state (/6), 

‘Upon photoexcitation to these long-tived el 
tronic states, most of the excited NOz will be 
quenched by collisions with Nz and O2 for which 
the quenching rate constants are known 10 be 
2.7% 10" and 3.0 « 10" cm? molecule" st, 
respectively (/7-19), However, because water is 
a tropospheric trace gas of relatively lage abun- 
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dance, some of the photoexcited NOz molecules, 
collide with water. Water quenches 
fNiciently with a rate constant of ~1.7 » 
™ cm? molecule" s (17-19%; however, there 
has been no previous report of any OH radical 
formation from the reaction of NOs* and 30 
(20), Ifa substantial fraction of the NOs* reacts 
with water, hen the following mechanism for 
OH formation becomes possible 


NO} + diy (> 420 nm) —+ NO (3) 


NOg* + M+ NO} + M 6) 
(wvhere M is Na, Os, oF HO) 
NOs* | 10 + OH + HONO ” 


Apart from OH ridicals formed dircetly 
through reaction 7, photolysis of the HONO reac 
tion product ean also give rise to additional OW 

HONO + fiv<390 nm) OH NO (8) 

Applying a steady-state approximation to 
NO,® in the above reaction sequence produces 
rate of OH formation through this mechanism of 


Row ™ isk NOz|MLOVArHZO] + lM) 
°) 


In the above expression, js is the photo- 
excitation rate constant for NOa, ks the total 
collisional quenching rate constant of NO3* by 
‘air, and Ay is the rate constant for the NOs* + 
11,0 reaction, A comparison of Eqs. 9 and 4 
shows that if ky is sufficiently large and the 
HONO molecule formed in reaction 7 is abo 
photolyzed, then the yiekl of OH from the 
NO,* + 110 reaction can be a sizable fraction 
of that arising fom the O('D) + HO reaction, 
‘especially under conditions of low UV flux, 

To test the viability ofthe above mechanism, 
we carried out laboratory studies consisting of 
‘rate measurement for the NO2* + H;0 reaction in 
conjunction with laser-induced fluorescence (LIF) 
tection of the OH product. The experimental 
apparatus We used has been described previousty 
(2))and, along with the procedure for the kinetics 
‘measurement, is detailed further in the supporting 
‘online material (SOM) (22). 

Although long-lived NO,* can be formed by 
means of excitation over the entire region be 
two 420 and 40 nm, we focused our study 
between $60 and 640 nim. This region was chosen 
‘because NO» is Known to have relatively strong 
‘sequential multiphoton transitions over the 420 to 
540 nm range, which can result in the production 
of electronically excited oxygen atoms (20, 23). 
Furthermore, studies of collisional encryy tausfer 
fiom NOs* sugzest that the average amount of 
energy transfred from NOs* to its collision 
partners increases as the intemal encrey of the 
NOY increased (24). This, in tum, can poten- 
tially increase the eflective temperature of the 
reaction zone. 
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We minimized these problems by working at 
the longer wavelengths. The formation of OH 
radicals from reaction 7 was confirmed by its 
characteristic LIF spectrum. Figure 1A shows the 
OH spectrum generated by exciting the reaction 
‘mixture with ight at 390 nm while scanning the 
probe laser wavelength. As shown in Fig. 1B, 
replacing H,0 with DO gives the OD signal. To 
‘confirm that the OH was indced from reaction 7, 
we carried out several diagnastic measurements 
(22) that, taken together, confirmed our ypoth- 
‘ss. Fis, the time dependence of the OH product 
appearance, relative to the excitation-laser pulse, 
was measured and found to be consistent with 
that expected for a bimolecular reaction and not 
‘prompt photodissociation. This finding ruled out 
the possibility that the detected OH arises from 
photolysis of impurities such as HONO or nitric 
acid that can form in NO»/water mixtures through 
heterogencous chemistry (25, 26). In separate 
experiments (22), we confirmed the absence of 
these species in our starting reaction mixture. 
Second, excitation-laser power-dependence mea 
surements at $63 and 590 nm confirmed that 
the OI product yield varies linearly with laser 
power over the range of 4.5 to $0 mJ. This 
finding is consistent with a single-photon ex- 
citation process involving the absorption of 
Visible photon by NOz to form NO2*. followed 
boy its reaction with HO to form OH radicals. It 
also suggests that a contribution to the OH sig- 
nal from a secondary reaction of NO.* with en 


enzized water molecules (produced through 
collision with NO3*) is not substantial, as this 
would require a squared dependence on the 
laser power. As a final diagnostic, we recorded 
NOs action spectra (Fig. IC), The spectra were 
generated by scanning the excitation laser over 
the region from 560 t0 640 nm while monitor 
ing the yiel of OH products in the indicated 
quantum state. The photoacoustic spectrum of 
NO, was simultancously recorded with a portion 
of the excitation laser. As shown in Fig. IC, the 
peaks and valleys in theaction spectra match well 
‘with those in the photoacoustic spectrum as well 
as the reference absorption spectrum (27), thus 
establishing that the OH signal is due to the 
action of photoexcited NOs, Subsequently, we 
investigated the dependence of the OH signal on 
1hO concentration and measured the rate of re= 
action for reaction 7. 

‘We carried out the rate measurements tinder 
short time conditions using pscudo-firs-onder 
Kinetis, and the analysis and assumptions made 
are outlined in the SOM (22), Briefly, the kinet- 
Jes associated with OH formation from reaction 
7 ean be expressed as 


OU Jyidt = kr{NOz*|U:0} (10) 
When the reaction time AY is kept short, the 
above differential equation becomes 


2,2) 


MOU} = k{NOS*HOIN (11) 
Fig. 1. (A) Partially re- 

feo [tao v=0}]] taxed product OH radical 
UF spectra from the reac- 

ars) Oa) tion of NO,* with H,0. 

*T ya is the OH spin-orbit, 


state, v is the OH vibra- 
tional level, and Qyin) is 
the rotational branch, (B) 
Partially relaxed OD tran- 


rz 
Wavelength, 2 [rm] 


sitions result when H20 is 
replaced with 0,0. (©) 
Comparison of NO2 pho- 


7s 3078 


toacoustic and action spec 
tra, The action spectrum 
is obtained by monitoring 
the indicated OH product 
‘quantum state as a func- 
tion of the excitation-aser 
wavelength. A reference 
NO» absorption spectrum 
from the HITRAN database 
27) is also shown for 
comparison. 


585 595 605 
Wavelength, [nm] 


615 
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Further, assuming that the starting concentra- 
tion of HO is in excess over NO2*, the above 
‘equation can be writen in terms of a pscudo- 
first-order rate constant Ay! = Ay[ 20] giving 


AION = Ay{NO 


ar «2 


Figure 2 shows a plo ofthe measured pc 
first-order reaction rate constant fy! versus HO 
concentration, the slope of which yiekls the 
bimolecular rate constant ky = 1.7 = 10° em? 
molecule" s"!. This value was confirmed at 
three separate wavelengths (S65, 590, and 


612.5 nm ave s 
estimated the uncertainty in our rate constant 
to be =50% 


Fig. 2. Plot of the pseudo-fistorder rate 
‘constant fy! versus HO concentration. The 
line's slope gives the bimolecular rate 
«constant fy. Error bars indkate the precision 
cof the data, We estimate the overall un- 
‘certainty in the rate constant to be 50%, 


Fig. 3. (A) Rate of production 
‘of OH solely from the NOs* + 
H20 reaction as a function of 
altitude and various solar ze- 
nith angles. The rates. were 
‘aleuated from fq. 9. tn this 
analysis, we assume that the 
HONO formed in reaction 7 is 
also photolyzed. The dashed 
lines correspond to a ground- 
level NOz concentration of 
~400 ppt (29), whereas the 
solid tines correspond toa more 
polluted situation with an NO, 
‘concentration of ~1 ppb. The 


Having determined the rate constant, we 
‘could then estimate the tropospheric OH contri- 
bbution fiom the NO;* + HO source. For this 
analysis, we assumed that the reaction occurs 
‘over the entire region from 420 to 640 rum with 
the same rate constant. Figure 3A shows plots 
Of the rate of OH production from the NO* + 
HO reaction as a function of altitude for var- 
ious solar zenith angles. For this analysis, we 
used Eq. 9, in which the variation in solar flux 
is taken into account using the computer code 
of (28), The variation in reactant concentration 
with akitude is from the data of (29), associated 
with a fairly clean region of the North Amer- 

-an continent. The dashed fines in Fig. 3A 
‘correspond to ground-level NO2 concentrations 


NO} +H,0 + OH + HONO 


1 2 3 4 5& 6 
[20] [10" molec. cm} 


‘grounelevel water concentra- 


tion was taken to be 10 torr. 
(B) Comparison of relative tro- 
spheric OH production rates 
from the NO3* + H.0 reaction 
versus the OCD) + HO reac- 
tion. The ratio of rates from 
these two sources, calculated 
by taking the ratios of Eqs. 9 
and 4, is plotted asa function 
of altitude and solar zenith 
angle. 
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of ~400 parts per trillion (ppt), whereas the 
solid lines correspond to concentrations of 1 part 
per billion (ppb). As the figure illustrates, the re= 
action’s influence is largest near the boundary 
layer, where the concentrations of water and 
NOs are highest, We found that the OH pro- 
duction rate fiom this reaction can reach as high 
as SOK to 40,000 molecules em? s, Urban ene 
vironments typically are even more polluted, 
and their ground-level NO3 concentrations can 
wadily exceed 10 ppb, resulting in a concom- 
itant inerease in the contributions from reaction 
7. It is also interesting to compare the relative 
COM production rates trom the NO* + 11,0 we 
action versus that from the OC'D) + H20 re 


action [considered to be the primary source of 


atmospheric OH (6)] by taking the ratio of Eqs, 9 
sand 4. These result illustrate that the contribution 
fiom the NO5* » 1,0 reaction is Ingest relative 
to the O('D) + HO source for high solar zenith 
angles, reaching anywhere from 11 to $2 
that from the O(!'D) source (Fig, 3B), 
The present findings demonstrate that NO3* 
can react with water molecules to form OH rade 
jeals, The measured rate for this reaction is suf 


ficiently fast for it to be an important source of 


OH in the tropospheric boundary layer. Inclusion 
of this previously unrecognized source chemistry 
will impact models addressing urban air pollu- 
tion where the concentration of ground-level 
‘oaone, a major component of smog, is dictated 
by a complex set of reactions involving volatile 
‘organic compounds (VOCs) and NO, (NO, 
NOy + NO) species generated fom motor-vehicle 
‘exhaust and industrial emissions, along with vise 
ible sunlight-clriven photochemistry (2, 6). The 
efficiencies of these ground-level eaane-generation 
schemes depend on the concentration of OH rae 
icals present to initiate reactions involving VOCs 
(6). Finally, the NOs* + HO reaction may also 
help to explain discrepancies between measured 
and predicted HO, concentrations reported in 
arctic regions (9), The elevated levels of OH and 
HONO observed from arctic snowpacks tinder 
conditions of high solar zenith angles are con- 
sistent withthe products expected fiom the NO* + 
14,0 reaction, 
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Synchronous Aggregate Growth 
in an Abundant New Ediacaran 


Tubular Organism 


‘Mary L. Droser™ and James G, Gehling? 


The most abundant taxon of the Neoproterozoic soft-bodied biota near Ediacara, South Australia, 
‘occurs as clusters of similarly sized individuals, which suggests synchronous aggregate growth by 
spatfall. Tubes of Funisia dorothea gen. et sp. nov. were anchored within the shallow, sandy sea 
bed and lived in dense, typically monospecific concentrations. Tubes were composed of modular, 
serially repeating elements, Individuals grew by adding serial elements to the tubular body and by 
branching of tubes. Their construction and close-packed association imply likely affinity within the 
Porifera or Cnidaria, These data suggest that several of the most successful marine invertebrate 
ecological strategies known today were in place in Earth's oldest known metazoan ecosystems 
before the advent of skeletonization and widespread predation, 


coil the structure and associations of Neo- 
Borsene isn et fo 
the Flinders Ranges, South Australia, 
provide information on the complex ecobygical 
makeup of Earth's first metazoan habitats (), The 
fosil-bearing Ediacara Member of the Rawnsley 
‘Quartzite ies $0 to 500 m below a basal Cambrian 
discontormity and consists of shallow marine thin- 
to medium-bedded quartz sandstone (2) We 
excavated beds within the Ediacara Member of 
the Rawnsley Quartzite at the Ediacara Conserva- 
tion Park (South Ediacara) and on Nilpena Station 
‘oF South Australia (fig. S1) wo reveal details ofthe 
form, diversity, and distribution o these tava 
‘A lange diversity of fossils in original growth 
position occurs on successive bedding planes 
\within the more than 150 my* excavated. Tubular 
fossils, representing an undescribed structural 
‘onganization, are more abundant than any other 
previously described element of the Ediacara 
‘biota (/). They occur on nearly all excavated 
beds and densely on3 of the 10 beds excavated at 
Nilpena and 2 of the beds at South Ediacara, 
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Funisia derothea gen, et sp. nov. (see sup- 


porting online material) is preserved exclusively 
fon the base of beds, as are nearly all fossils in 


these strata (Fig. 1). Unlike most elements of the 
Ediacara Biota (3), Funisia is preserved in posi 
tive reek. either as fattened casts formed when 
sand entered the body cavity (Fig. 1, A and D), or 
as casts ofthe collapsed body that was impressed 
to the underlying biomat (Fig. 1, E and Gi 
Collapse and casting is the most common pres 
ervation mode because sand rarely fills more than 
a few centimeters of each tubular body (Fig. 1A). 
Removal of intemal casts leaves an extemal molt 
in the overlying bed. In the bestpreserved 
specimens, indiv dial serial units show faint, off 
set concentric wrinkles that suggest collapse of a 
thin integument during burial, rather than orna- 
mentation (Fig. 1, E and G), 

Funisia is. up to 30 em long anxd 12. mm in 
diameter and is divided longitudinally into serial 
Units 6 to 8 mm in fength throughout the length 
oof the tube (Figs. 1 and 2), The serial units are 
defined by constrictions perpendicular or gently 
‘oblique to the axis ofthe tube. Particularly when 
tubes are bent or curved, constrictions give the 
tube the appearance of being a spiral, but exami- 
nation of material preserved nearly in three di- 
mensions (3D) (Fig. 1, D, E, and G) confirms 
serial segmented construction. In compacted and 


poorly preserved tubes, or external molds, a 
scalloped-shaped tube outline, rather than the 
impression of individual segments, is typically 
preserved (Fig. 1, A. Land), Where F dorothea 
covers the surfice, the degree of overlapping is 
‘such that individual tubes are deformed by com- 
posite preservation (Figs. 1, Land J), and under 
very poor preservation, the sides of the tube 
appear as parle! lines (Fig. 1A), 

‘Tube widths range from 2 to 12 mm and are 
‘consistent on individual bedding surfices, These 
structures were originally interpreted to be strings 
‘of fecal pellets (4), but this has since been dis- 
‘counted on the basis of the presence of branching 
and orientation of specimens (5). Units within the 
tube taper progressively in width toward the axis, 
suggestive of growth by terminal addition (6) 
(Fig. 1, E and G), Individuals ean occur within 
dense assemblages, sometimes greater than 
1000? (Fig. 1, Land J), Here, individual tubes 
‘of similar size may nidiate fiom a single area of 
‘origin (Fig. 1), In such dense assemblages, tubes 
completely cover the surface and may overlap oF 
crisscross in a felted manner (Fig. 1, and 3) but 
most commonly occur in parallel, close-packed 
groups of $ to 15 individuals (Fig. 1, A and C). 
Such groups do not show alignment with current 
lineations or ripple crests that occur on top of the 
beds, which suggests that the position of these 
forsils is not a reflection of transport or reori- 
entation by currents. Rather, they ae the result of 
smothering by sandy event beds in the wake of 
storm activity (2). Branching is rare, but in such 
instances, the last commen serial unit is expand! 
and branches remain tightly packed (Fig. 1H). 

Tube attachment structures ranging in diam 
ter fom 1 to ¥ mm are preserved as invaginate 
bosses on bed soles (Fig. 1, B, C, D, and 0. 
Scrially constricted tubes are direetly connected 
to attachment structures (Fig. 1D), The marked 
modality of size and morphology suggest that 
diflerent developmental cohorts are preserved 
(Fig. 1C). Attachment structures ofa similar size 
and developmental stage are spatially clustered 
within individual bedding surfaces (Fig, 10), 
Clustered attachment points are not typically 
closely packed, but three-<imensionally preserved 
‘examples recording the basal several millimeters 
‘of the tube demonstrate a hexagonal close packing 
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within millimeters of vertical growth (Fig. 1. B 
and F), Individual attachments occur without 
«lose neighbors but are not common. The siae and 
morphology of attachments range from small 
knobs Ito 3 mm in width to well-developed 
structures that are casts of tube ends with concave 
hollows (Fig, 1, B, C. D, and 1), These struc- 
tues occur on both ripple crests and troughs and 
ly extended below the interface between 
Water and substrate. They are elearly attachment 
dises rather than cross sections through the tubes. 
Ediacara preservation consists entirely of casts 


and molds. Cross sections are confined to broken 
three-dimensionally cast specimens within a bed. 
Furthermore, there would be some ellipses pre- 
served, and it would not be possible forthe tube 
to be sectioned and sill east by sand. 

Like the wellknown Ediacaran fronds (7), 
Funisia wbes are typically preserved without 
hholdfasts attached. In life position (Fig. 2, attach- 
ment structures are interpreted to have boon 
situated within or beneath a microbial mat. Where 
they are cast by sand, the corresponding tube was 
ripped off by storm activity, allowing sediment to 


Fig. 1. Funisia dorothea gen. et sp. nov. preserved as external casts, internal casts, and external 
molds on bed bases. (A) Holotype set of subparallel tubes SAM P40725, internal casts, external 
mold where casts have separated, and as convex casts of collapsed specimens demonstrating 
various taphonomic variants, including well-preserved serial units, scalloped edge outlines (arrow), 
and parallel edged outlines. (B) Close-packed set of attachment points (lower left) showing typical 
‘convex rim and indented center with or without boss, one with cast of part of tube (arrow); SAM 
42681. (C) Growth by branching; SAM P40726. (D) Attachment points with serially constricted 
tubes; field specimen ESO5. (E and G) Specimens showing growth by terminal addition; SAM 
41508. (F) Two sets of attachment points demonstrating different stages of development. (H) 
Enlargement of lower right part of surface in Fig. 21 showing crossed tubes with serial constrictions 
(arrows). (W) Layered, close-packed specimens radiating from clusters of attachment points 
(examples marked by arrows); SAM P40309. ()) Densely packed surface with both scalloped and 
parallel edge preservation; part of very large field specimen, Nilpena. Scale bars, 2 cm. 
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center the hollow holdtist (Fig. 1C), Alternatively, 
the holdfist was molded below the mat-bound 
sediment, and the tube was cast within the over- 
Iying sediment or preserved as «collapsed im 
‘pression atthe base of the sediment that engulfed 
the specimen (Fig. 1B). 

The phylogenetic affinity of F darothew is 
problematic. The morphology is consistent 
throughout all well-preserved specimens and serial 
units are a 3D character rather than features of | 
‘extemal omamentation. However, the lack of evi- 
<dence for polypoid openings or pores in the body 
‘wall limits our understanding of its taxonomic 
affinities. Although it is difficult 10 place these 
fossils within Metazoa, the morphology and ecol- 
ogy are suggestive of stem-zroup cnidarians or 
poriferans. The tightly packed nature of the tubes 
and attachment structures (Fig, 11), as well as the 
rarity of branching, eliminates an algal ori 
because these characteristics are inconsistent with 
the maximization of surface area crucial for a 
photosynthetic habit 

The branching pattems and rarity of branch- 
ing of Funisia is consistent with metazoan asex- 
tual budding. The consistency of tube widkhs on 
individual bedding surfaces (Fig. 1, A, Land J), 
the densely packed nature of the attachment 
structures, and the clustering pattern of develop- 
mental stages of attachment structures on indi- 
‘vidual bedding planes suggests thatthe juveniles 
settled as aggregates ina series of limited cohorts, 

‘These solitary onganisms thus exhibit growth 
bby addition of serial units to tubes and by the 
division of tubes, and dispersed propagation by 
the proxtuction of spats. Among living organisms, 
spat production is almost ubiquitously the result 
fof sexual reproduction but is known to oecur 
rarely in association with asexual reproduction 
(8), Hence, despite its morphological simplicity 
the Neoproterozoic F dorothew provides. evr 
dence of a variety of growth modes and a com 
plex arrangement for the propagation of new 
individuals. In living organisms, synchronous 
aggregate growth may result from a variety of 
factors including response to competition, sed- 
iment disturbance, and heterogeneity of the 
substrateand has the advantage of reducing 
‘competition for space between clones and ean 
also decrease gamete wastage (9, 10). Itmay also 
reduce vulnerability to predation (9), Borings 
the calcified Cloudina may demonstrate pre 
ton in the latest Edincara (//), Furthermore, close 


Fig. 2. Reconstruction of Funisia in life position 
with holdfast beneath mat substrate. 
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packing also imparts protection from current 
damage andior high-energy events and allows 
for selection of most favorable sites for atch- 
ment and growth to adulthood (72). 
Aggregation is not uncommon amon some 
‘elements of the Ediacara biota and is present in 
the frond holdfast Aypidella. These typically 
‘occur in dense assemblages, but in contrast to 
F dorothea, their size distribution is consistent 
With continuous recruitment (1, 13, 14) rather 
than periodic cohort growth. The terminal Neo- 
proterovoie calcified tubes Cloudina and Nama- 
‘calathus also show evidence of ageregation (15), 
but there is no indication of distinct cohonts, 
‘These data demonstrate that even mompholog- 
ically simple Ediacaran organisans had multiple 
modes of growth and propagation, reminiscent of 
several of the most successful marine invertebrate 
ecological strategies today (16), These systems 
\Were in place in Eamth’s oklest known metazoan 
ecosystems before the evological pressures that 


accompanied the advent of skeletonization and 
extensive predation. 
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Orrorin tugenensis Femoral 
Morphology and the Evolution of 
Hominin Bipedalism 


Brian G. Richmond?" and William L. Jungers® 


Bipedalism is a key human adaptation and a defining feature of the hominin clade. Fossil femora 
discovered in Kenya and attributed to Orrorin tugenensis, at 6 million years ago, purportedly provide 
the earliest postcranial evidence of hominin bipedalism, but their functional and phylogenetic 
affinities are controversial, We show that the O. tugenensis femur differs from those of apes and 


Homo and most strongly resembles those of Australopithecus and Paranthropus, 


iicating that 0. 


tugenensis was bipedal but is not more closely related to Homo than to Australopithecus. Femoral 
morphology indicates that O. tugenensis shared distinctive hip biomechanics with australopiths, 
‘suggesting that this complex evolved early in human evolution and persisted for almost 4 million 
years until modifications of the hip appeared in the late Pliocene in early Homo. 


ipedalism is one of very few human char- 
Besesincimertoinch 

the base of the hominin clade [species 
more closely related to modern humans than 10 
any other living species (/)). Recent fossil dis- 
‘coveries have apparently pushed back the origin 
‘ofthe hominin clade into the late Miocene, to 6 10 
7 million years. ago (Ma), The oldest known 
potential hominin fossils, attributed to Safelan- 
‘thropus tchadensis, come from Torws-Menaa in 
‘Chad and are biostratigraphically dated to ~7 Ma 
2). Cumently, Sahelanthropus is only known, 
from craniodental evidence, and although the 
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position of the foramen magnum suggests that 
\was bipedal (3), postcranial fossils are needed 10 
‘confirm this conclusion. The next oldest potential 
hominin remains were discovered in 2000 by 
Smut, Pickford, and colleagues (4) from local- 
ities (5.7 to 6.0 Ma) in the Lukeino Formation 
Kenya (5, 6)and attributed to Orrorin tugenensis 
OF the fossils assigned to O. tgenensis, throe 
fiagmentary femora (BAR 100200, 1003°00, 
and 1215°00) are critical pieces of evidence be- 
‘cause they are interpreted as having derived char 
acteristics indicating bipedalism (7). However, 
some of these features are also found in non- 
bipedal primates and are therefore inconchisive 
(8). Similarly, a study of the femora based on 
computerized tomography (9) suffered from poor 
image resolution and does not provide convinc- 
ing evidence of bipedality (/0). The discoverers 
have also cited the femora in formulating hypothe- 
ses about carly hominin phylogenetic rclation- 
ships (9, but these have been disputed (8, 17. 12). 
“Thus, the morphology of the O. aagenensis femora 


is critical to our understanding of the origin of 
bipadatism and phylogenetic wlationships of the 
carl hominin taxa, yet the functional and 
phylogenetic implications of their morphology 
remain highly controversial, We present here a 
‘quantitative, momphometric (shape) comparison 
‘of the most complete O. negenensis mut, BAR 
1002°00, of a young adult 

When compared to the proximal femora of a 
large and diverse sample of great apes, modem 
humans (including small-bodied adult individu 
als from Affican Pygmy and Andaman Island 
populations), &s well as Plio-Pleistocene hominin 
femora (/3), the OL mgenensis femur (BAR 
1002'00) more closely resembles femora attri 
buted 4 carly horninin taxa (tustraapihects and 
Paranthropus) than do those of ex 


ses of shape (canonical variates, cluster 
and principal components analysis) reveal that 
modem human proximal femora are distinet from 
those of extant great apes primarily in having a 
relatively lange head and short distance between 
the bead and lesser trochanter; Canonical va 
axis | (Fig, 1A) is a conirast vector driven by 
these distinguishing features of shape (able SI), 
and the non-Homo fossil hominins (including 
BAR 1002°00) occupy an intermediate position 
inthis part of multivariate space, The second ais 
separates orangutans from African apes, modem 
humans, and all the fossils. Orangutans. have 
relatively lange Femoral heads (elated to mobility 
rather than more pronounced weight support) 
‘combined with narrow femoral shafts, a combi- 
nation of features not seen in modem or fossil 
hominin femora. The third axis, driven by neck 
Jength and breadth, and shaft breadth, serves to 
separate carly hominin femora fiom those of 
extant apes, modem humans, and fossil Homo 
tava. BAR 1002°00 resembles the early hominin 
femora, Which are characterized in this and 
‘previous analyses by a combination of long and 
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Fig, 2. Hominin hip 
biomechanics, Distinctive 
features of the early 
hominin hip (eft) are 
part of a biomechanical 
complex in which the 
tendency of the body 
weight force (BW) to pull 
down the trunk during 
gait is counteracted by 
the gluteal muscle force 
acting on the pelvis. Com 
pared to modern humans 
(right, the wider iliac 
blade and longer femoral 
neck ofthe early hominin 
hip (left result in greater 


wide lum & longer femoral neck = 


fig fifi 


Omeemt po008 


‘a 
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‘eaty Homo Fig. 1. Multivariate analysis of femoral shape among species, (A) 
‘SergAvxas Canonical variates (CV) analysis of proximal femur shape completely 
separates modern humans, great apes, and early hominins, BAR 


1002'00 most closely resembles KNMVER 1503. (B) Cluster analysis 
(UPGMA of Mahalanobis D* distances) shows three distinct clusters: a 
‘great ape cluster, a cluster of modern and fossil Homo, and a cluster of BAR 1002'00 and early hominins. The early hominin femoral morphology 
‘exhibited by BAR 1002'00 appears to persist for more than 4 million years, with a major change in hip structure in early Homo. 


‘shorter fomoral neck = 
‘weakor gluteal momont arm, lower 
"momo. 


moment arms for the 
luteal muscle force MW), 


Australopithecus afarensis 


Modern human 


They also result in greater femoral shaft bending moments from the joint reaction force (J), which in tum 
are related to greater mediolateral shaft robusticity to withstand the elevated compressive stresses along 
the medial side of the proximal femoral shaft. Thus, the long femoral neck, wide proximal shaft, and 
possibly the small femoral head are part of a biomechanical complex. (Vector and bending moment 


illustrations not to scale.) 


anteroposteriorly constricted necks, mediolateral 
ly broad shafts, and smaller heads (relative to 
modern humans) (/4-17). This: morphological 
‘complex is not merely an allometric consequence 
of the small size of many of the fossils (fig. S3), 
including A.L. 288-1 and BAR 1002°00 (18), as 
the small-bodied modern humans and apes in this 
sample do not resemble the eatty hominins. Three 
distinct clusters summarize these affinities (Fig. 
1B); modem humans and fossil Homo form a 
group thats linked toa cluster of Aucrlopithecus, 
Paranthropus, and O. tugenensis, ad these two 
‘groups are joined by a more distant cluster of 
extant apes. 
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‘The features (ong. narow neck and broad 
‘proximal shalt) characterizing O. rugemensis annd 
australopith (79) femora are not biomechanically 
independent, and reflect differences in hip 
momhology related to gait mechanics. Modem 
humans gait is distinct from the kinematics of 
bbipedalismn in other primates in several ways, 
including very litle lateral displacement and a 
slight drop in the contralateral hip during stance 
phase (20, 2/). These characteristics are made 
possible im part by the flared, short iliac blade and 
by the recruitment of the lesser gluteal muscles 
‘on the ipsilateral side, which counteract the 
tendency of the body weight force to lower the 


contralateral hip (Fig. 2), The very Maring iia and 
Jong femoral necks of australopiths improve the 
tglutcal muscle fever arm and thus counter the 
torque of body weight (/7), but the long necks 
also inerease the bending moment on the proxi= 
‘mal femoral shall. These elevated bending mo- 
ments are resisted by the greater mediolateral 
\widhh of the femoral diaphysis, especially woxi- 
mally where bending moments are highest 

O. negenensis shares this uniquely archaic 
hhominin mombological pattem, thus providing 
strong evidence that O. nagenensis was adapted 
to bipedalism 6 million years ago (Fig, 3), This 
evidence is functionally consistent with other 
morphological features believed 10 be linked to 
bipedalism in the O. nggenensis femora, include 
ing a marked obturator externus groove, the 
presence of an intertrochanteric fine, vertical 
luteal tuberosity (third trochanter), and a slightly 
enlarged head (7), BAR 1002°00 bears distinct 
‘markings for the medial and lateral extents of the 
‘vastus musculature, but it kicks the prominent, 
raised linea aspera that is distinctive of modem 
and fossil Homo femora. In this manner, BAR 
1002°00 resembles some australopith femora 
Jeg. AL. 288-Lap (23). The relative femoral 
head size of BAR 1002°00 is intermediate 


between, and overlaps with, the distribution of 


Pan and Homo Kemer the femoral head of BAR 
1002°00 is lange compared to Ausrlopithects, 
Paranthropus, and African ape femora, but 
relatively smaller than those of orangutans and 
fos and modem Homo (fig. S6). Furthermore, 
the difference between BAR 1002°00 a 

Australopithecus and Paranthropus in. relative 


femoral head size is within the expected level of 


intraspecific variation based on extant standards 
‘To investigate how proximal femur shape has 
changed over the course of human evolutionary 
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Fig. 3. Morphological comparisons among femora of or attributed to (A) P. troglodytes, (B) 0. 
tugenensis (BAR 100200), (C and D) Paranthropus robustus (SK 97 and SK 82, reversed), (E) A. 
‘farensis (A... 288-Lap), (F) Paranthropus boisei (KNM-ER 1503, reversed), (G) early Homo (KNM-ER 
1481), and (H) modern H. sapiens. Like other early hominin femora (C to F), BAR 1002'00 (B) is distinct 
{rom those of modem humans (H) and great apes (A) in having a long, anteroposteriory narrow neck 
and wide proximal shaft. Early Homo femora (G) have larger heads and broader necks compared to 
early hominins. In addition to these features, modern human femora (H) have short necks and 


mediolaterally narrow shafts, Scale bar, 2 cm. 


history, we plotted against time the multivariate 


murand the n ¢ of Homo sapiens femora. 
Distances tly high until the appear 
in the late Pliocene ly Pleistocene of 
‘mora attributed 1 Homo (lig. S4). The early 
Homo femora retain the primitively long necks 
and broad shatis (76, the re 
tention of relatively broxd ilia (24), but more 
closely resemble modem human femora in hav 
ing larger heads and broader necks. In conjune 
tion with significantly greater femoral length 
(25), these features provide evidence of a tran 
sition to a more modem humantike bipedal 
including greater speed and energetic efficiency 
compared t earlier hominins (16, 26-29). Fur- 
ther changes in femoral anatomy (e.g. shorter 
neck, narrower shaft) occur in the genus Homo 
the Middle Pleistocene and can be 
to obstetrical factors (24) 

In light of th 

fomy fiom 


are consist 


24), suggestin 


least 2 Ma to the present, the 
close momhological similarity between femora 
of O. tugenensis at 6 Ma and Australopithecus 
and Paranthropus in the later Pliocene is es 


hhas the smallest Mahalanobis D® distance from 
the modem human centroid, BAR 1002°00 is 
much closer to all early hominin taxa than to the 
modem human centroid in shape space (table 
$3), The external morphology of O. tugenensis 
provides no indications of diflerences in bipedal 
gat compared to Austnalopithecus oF Paranathropue. 
This suggests that the pattern of bipedal ga 

characteristic of australopiths evolved very carly 
in the human tin and perhaps they were 
also the characteristics of the first bipedal hom- 
inins. This form of bipedalism appears to have 
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persisted as 
as long as 4 million years (F 
lower limb fossils from the late Mice 
carly Pliocene will be needed to test this 
hypothesis. 

‘Similarities in femoral morphology, howew 
do not rule out possible differences in overall 
repertoires of positional behavior. Upper limb 


tures related 1 arboreal climbin 
pronounced humeral brachioradialis flange and a 
curved proximal manual phalanx (4), The in. 
cluded angle measured on BAR 349°00 (proxin 
phalanx)is $2°, significantly gr 
modem humans and Macaca mulatta (est, P 

0.05), and significantly lower than those of orang. 
utans (fig. SS) In degwe of curvature, BAR 
349°00 most closely resembles Pam iogloxlstes 
The Pan-like curvature of the proximal pha 
un-Homo last common 


close to the ‘estor 
supports the hypothesis that bipedalism evolved 
from an ancestor adapted to onhograle and 
vertical climbin 
and knuckle-n 


consistent with a climbing 
king repertoire (30), rather than 
an orangutan-ke arboreal specialist (31). There 
fore, while O. negenensis was bipedal, it most 
probably also climbed trees (4), presumably 10 
forage, build nests, and seck refuge. Whether 
arboreality played a role in the lecomotor 
repertoire of O. tugenensis in comparison 10 
Australopithecus remains unresolved. The avs 
intemal cortical morphology of 
7. 9) keaves open the possibilty 
that O. mgenensis had a paticm of neck bone 
thickness that differed from the human- 
like pattern observed in 
and would be consistent with the use of a wider 
ange of hip joint postures like those used by 
apes during climbing. The external anato- 


corti: 
Australopithecus (32) 


my of BAR 1002°00 indicates bipedality, but is 
also consistent with a locomotor repertoire it 
volving an appreciable scansorial componet 
(33, 34), 

The similarity between O. mgenensis and 
australopith femora weakens support for scenar- 
ios in which O. mugenesis is ancestral to Homo to 
the exclusion of A. afarensis (4), Instead, the 
.¢ hominin morphology of the O. 
mensis femur, along with primitive dent 
anatomy, is consistent with the more parsimo- 
rious hypothesis that it is a basal member of the 
hominin clade. In sum, the comparative biome 


chanical anatomy of O. tugenensis femora sug: 

cts that O. tugenensis isabasal homtinin adapts 

to bipedalism, and current evidence suggests that 

aan Ausirulopithecus-like bipedal: morphology 

the hominin clade and per 

successfully for most of human evolutionary 
history 


evolved carly i ted 
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Activation of FOX01 by Cdk1 in Cycling 
Cells and Postmitotic Neurons 


Zenggiang Yuan, 
Yoshiyuki Koni 


+t Esther B. E. Becker,™* Paola Merlo,” Tomoko Yamada,” Sara DiBacco,* 
i.) Erik M. Schaefer,? Azad Bonni*t 


‘Activation of cyclin-dependent kinase 1 (Cdk1) has been linked to cell death of postmitotic neurons 
in brain development and disease. We found that Cdk phosphorylated the transcription factor FOXOL 
at Ser? in vitro and in vivo, The phosphorylation of FOXO2 at Ser**? disrupted FOXO1 binding with 
14-3-3 proteins and thereby promoted the nuclear accumulation of FOXO1 and stimulated FOXO1- 
dependent transcription, leading to cell death in neurons, In proliferating cels, Cdk induced FOXO 
‘Ser? phosphorylation at the G/M phase ofthe cell cycle, resulting in FOXO1-dependent expression 
‘of the mitotic regulator Polo-tke kinase (Pk). These findings define a conserved signaling link 
between Cdk and FOXO1 that may have a key role in diverse biological processes, including 

the degeneration of postmitotic neurons. 


he protein kinase CdkI is a key mediator 
Tire th at an 
‘brain development and deyeneration (1-6). 
AAs a major apoptotic kinase, Cdk might be 
expected to orchestrate a program of gene ex 
pression that activates the ell death machinery 
Because Cdk resides in the cytoplasm in neu 
roms (/. 5,6), we reasoned that Cdk might regu 
late gene expression through proteins that shuttle 
between the cytoplasm and nackeus. The FOXO 
transcription factors undenzo nucleveytoplasmic 
ting and! control cell death (7, 8). We there~ 
fore investigated the role of FOXO proteins in 
propagating the Cdkt cell death signal to the 
hnucleus in postmitotic neurons 
FOXOL contains a conserved putative Cakt 
phosphorylation site within the forkhead domain 
P™ (fig. SLA). Cdk | catalyzed the phospho- 
‘ylation of FOXOL in vitro (Fig. 1A) (9. Cdk 
alo phosphorylated the FOXOL forkhead do- 
main (FOXOIFD) in vitro, but failed 10 phos- 
phorylate @ FOXOLFD mutant in which See 
\wats replaced with alanine (FOXOLFD S249A) 
(lig. STB). We generated an antibody that spe- 
citially recognizes FOXOT that is phosphoryl 
ated at Ser? (9), The phosphoS249-FOXOL 
antibody recognized recombinant FOXO! or 
FOXOIED that was phosphorylated by Cdk in 
Vitro but did not recognize unphosphorylated 
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FOXO! or the FOXOIED S249 mutant that 
was incubated with Cdk} in vitro (Fig. 1B and 
fig. SIC). We expressed eyelin Band Cdkt in 
203T cells together with FOXOL or a S249 
FOXOL mutant. Immunoblotting of total lysates 
‘or FOXO! immunoprecipitacs of transfected cells 
revealed that Cdk increased the amount of phos- 
phorylated FOXO! at See in cells (Fig. 1C and 


and fig. SIE), which suggested a requinement for 
endogenous Cakl in the FOXOL phosphoryl 
Ser™ in cells, 


ation 
We tested whether the activation of endoge- 
‘nous Ck induced the phosphorylation of endog- 


enous FOXO! at Sc? in neurons. Endogenous 
ak! is activated in cerebellar granule neurons 
‘upon inhibition of memirane depolarization (1,3). 
We found that the amount of FOXO! Ser” 
phosphorylation was higher in neurons deprived 
‘of memibrane-depolarizing concentrations of KCI 
(S mM KCI than in neurons maintained in d 
polarizing medium (30 mM KC) (Fig. 1E). The 
CdkI inhibitor roscovitine reduced the FOXO1 
‘Ser phosphorylation in neurons deprived of 
depolarization (Fig. 1E). Thus, endogenous Cdk 
appears to mediate activity deprivation induced 
phosphorylation of endogenous FOXO! at See” 
in neurons. 

The identification of Cdk -induced phospho- 
‘ylation of FOXOL at Ser” lod us to test whetl- 
er the FOXO! phosphorylation mediated the 
ability of Cdk to trigger cell death in nourons 
Because endogenous Cak! is required for apo- 
piosis of activity deprived neurons (7, 3), we de 
termined the role of FOXOL in apoptosis of 
neurons deprived of activity. We transfected 


neurons with the U6/faxo RNAI or control U6 
plasmid, FOXO RNAi reduced the expression of 


fig. SID). In other experiments, depletion of endo- 
‘enous Cdk! by RNA interference (RNA) reduced 


the FOXOI phosphorylation in eells (Fig. 1D FOXOI in primary granule neurons and 
A 8 c 
GST-FOKO? Sot eer) FOKO) _WT_ $240k 
Bost 
‘ow 
100) -PFoxor 
o| &. 
= Fig. 1. Cdk. phosphorylates 
FOXO1 at Ser”. (A) Recom- 
binant cyctn B, Ca, and fll 
length glutathione Stransferase 


(GS1)-FOXO2 were subjected 
to an in vitro kinase assay (9). 
{B) Recombinant GST or GST- 
FOXO1, together with cylin B 
and Cdk, were subjected to 
an in vitro kinase assay and 
were immunoblotted with the 
phosphoS249-FOXO1 or GST 
antibody. Asterisks indicate GST- 
FOXO1 degradation products. (C) Lysates of 293T cells transfected with cyclin B and Cdk1 or the control 
vector, together with the green fluorescent protein (GFP) fusion protein GFP-FOXO1 or the GFP-FOXOS249A 
mutant, were immunoblotted with the phosphoS249-FOXO1 antibody or a mouse monoclonal FOXOL 
antibody. (D) Lysates of NeuroZA cells transfected with the control U6 or US/cdk RNAi plasmid and GFP- 
FOXO1 were immunoprecipitated with the GFP antibody and immunoblotted with the phosphoS249- 
FOXO1 antibody. Lysates were also immunoblotted with the GFP or Cdk antibody. () Lysates of granule 
neurons maintained in membrane-depolarizing medium (30 mM KCD oF in which depolarization was 
‘inhibited (5 mA KCI in the presence of the Cdk inhibitor roscovitine (10 jiM) or its vehicle [dimethyl 
sulfoxide (DMSO)] were immunoblotted with the phosphoS249-FOXO1 or FOXO1 antibody, 
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Fig. 2. Cak1-FOXO1 signaling mediates activity deprivation-induced neuronal 
death. (A) Granule neurons transfected with the Ué/foxo RNAi or control U6 
plasmid were placed in membrane-depotarizing medium GO mM KCl) or 
deprived of membrane depolarization (5 mMt KCD for 30 hours and subjected to 
‘analysis of cell death (9). FOXO RNAi attenuated activity deprivation-induced 
rreuronal cell death mean + SEM, n = 4; P < 0.005, analysis of variance 
(ANOVA) followed by Fisher's PLSD post hoc test) but not cell death in 
depolarized neurons (see also fig. S20). (B) Granule neurons transfected with 
the U6ifoxo RNAi or control U6 plasmid, together with cyclin B and Cdk1 or the 
control vector, were analyzed as in (A). FOXO RNAi inhibited cyclin B and Cak1.— 
induced cell death (mean + SEM, n= 3; P< 0.005, ANOVA folloned by Fisher's 
PLSD post hoc tes. (C) Lysates of COS cells transfected with the U6ifoxo RNAi 
{or control U6 plasmid together with FOXO1 or an RNArresistant rescue form of 
FOXO1 (FOXO1-Res) were immunoblotted with a FOXO1 or 14-3-3 antibody 
(9). (D) Granule neurons transfected with the U6sfoxo RNAi plasmid together 
with FOXOLRes or the FOXOL-ResS249A mutant were analyzed as in (A) 
FOXOL-Res, but not FOXO1-ResS249A, induced cell death in activty-deprived 
neurons in the background of FOXO RNAi (mean = SEM, n = 3; P < 0.05, 
ANOVA followed by Fisher's PLSD post hoc test. 
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‘ylation disrupts the FOXO1-14- 
3-3 interaction and promotes 
nuclear accumulation of FOXO1, 
leading to activation of transcrip= 
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tion, (A) Lysates of 293T cells 
transfected with GFP-FOXOL or 
GFP-FOXO1S249A, together with 
cyclin B and Cdk1 or the control 
vector, were immunoprecpitated 
with the GFP antibody and im- 
munoblotted with the 14-3-3 or 
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phasphoS249-FOXO1 antibody. 
Lysates were also immunoblotted 
with the GEP or 14-3-3 antibody. 
(B) Lysates of granule neurons 
‘maintained in depolarizing medi- 
tum (30 mM KCD or deprived of 
depolarization (5 mM KCD, in the 
presence of the Cdk1 inhibitor 
Toscovitine (10 iM) or its vehicle 
(DMSO), were immunopreciptated 
with the FOXO1 antibody and im- 
‘munoblotted with the 14-3-3 an- 
tibody. Lysates were immunoblotted 
with the phosphoS249-FOXO2 or 
14-333 antibody. (©) Granule neu- 
rons transfected with GFP-FOXOL 
together withthe U6/ck1 RNAi or 
control U6 plasmid maintained in 
depolarizing medium (30 mNt KC) 
or deprived of depolarization (5 
mM KC) were analyzed by fluo- 
rescence microscopy. Represent- 
ative images are shown (eft, GFP-FOXO1; center, Hoechst 
right, merged). Arrowheads indicate neurons displaying nu- 


clear localization of GFP-FOXO1. Scale bar, 10 um. (D) 
Lysates of granule neurons transfected with GFP-FOXO1, 
GFP-F0X01S249A, or the control vector and depolarized 
(30 mM KC) or deprived of depolarization (5 mM KCD were 
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immunoblotted with the BIM, Erk1/2, or FOXO1 antibody. (E) Granule neurons 
transfected with the Ué/cdk1 RNAi or control U6 plasmid together with the 
3xIRS-luciferase let) or BIN-uciferase (ight) reporter gene and tk-renlla were 
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deprived of depolarization and subjected to luciferase assays. Cdk knockdown 
reduced the expression of the 3uIRS (mean + SEM, n= 3; P< 0.001, test) and 
Bike-luciferase (mean = SEN, n = 3; P< 0.005, test) reporter gene. 
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protected neurons against cell death induced by 
suppression of depolarization (Fig. 2A and fi 
2A) (9). FOXO RNAi abo suppressed the 
ability of expression of cyclin Band Cdk! to 
induce cell death in neurons (Fig. 2B). To 
determine the importance ofthe phosphorylation 
of FOXOL at Ser in activity deprivation 
induced neuronal apoptosis, we constructed an 
‘expression plasmid encoding an RNAi-resistant 
form of FOXOL (FOXOL-Res) (9). Whereas 
FOXO RNAi induced depletion of FOXOL 
‘coded by wiklype cDNA, FOXO RNA failed 
to induce efficient depletion of FOXOI-Res 
(Fig. 2©), Expression of FOXOL-Res triggered 
apoptosis in FOXO-<kepleted neurons deprived of 
activity (Fig, 2D). By contrast, a FOXOI-Res 
‘mutant in which Ser? was replaced with alanine 
(FOXO1-ResS249A) failed to effectively induce 
neuronal cell death in the background of FOXO 
RNAi (Fig. 2D). Thus, the Ser” phosphory 
ation appears to be required for the ability of 
FOXOI to mediate activity deprivation induced 
neuronal apoptosis, 

We characterized the mechanism by which 
the Cdk induced phosphorylation of FOXOL at 
Ser” stimulates FOXO |-dependent neuronal cell 
cath, Ser fies within a conserved short FONOI 
peptide motif that includes the Akt site of phos- 
phorylation, Ser (fig. SIA), Because Ser™*- 
phosphorylated FOXOL interacts with 14-3-3 
proteins, kading to FOXOL's cytoplasmic seques- 
tration and inhibition (7, 8}, we tested whether 
phosphorylation of FOXOI at Ser might reg- 
Uulate FOXO1's interaction with 14-33 proteins. 


sion of Cdk reduced these interactions (Fig. 3A 
and fig. S3A), However, Cdk failed to inhibit 
the interaction of FOXOIS249A with 143 
‘cins (Fig. 3A). Cdk! did not aflect Ser phos- 
phorylation in FOXOI or its forkhead domain 
(fig. $3, A and B), which suggests that the Se"? 
phoephorylasion ins the Iveraction of Se 
phoshorylated FOXOL with 14-33 proteins. 

Toascentain whether endogenous Cdk might 
regulate the interaction of endogenous FOXO! 
With 14-33 proteins in neurons, we assayed the 
association of these proteins in granule neurons 
in the presence or absence of membrane depo- 
larization. In depolarized neurons, endogenous 
FOXO1 interacted with endogenous 143-3 pro- 
tins (Fig. 3B). However, withdrawal of depolar- 
ization, which stimulates the activity of endogenous 
Ca in neurons (7, 3), reduced the interaction, 
(Fig. 3B). The Cdk inhibitor roscovitine blocked 
theabilty of activity dpeivation 1 dssut FOXOT's 
association with 14-3:3 proteins (Fig. 3B), These 
findings suggest that endogenous Cuk induced 
phosphorylation of FOXOI at Ser releases 
FOXO! fiom sequestration by 1443-3 proteins in 
neurons. 

Because 14-3-3 proteins sequester FOXO 
proteins in the cytoplasm (7, &), we characterized 
ihe consequences of tho Sa” phosphorylation 
‘on the subcellular kcalization of FOXOI. Whereas 
FOXOI was localized predominantly in the cyto- 
plasm in depolarized neurons, FOXOI accumu- 
n the nucleus in neurons deprived of 
(Fig. 3C and fig. S4, A to C), Depletion 
‘of endogenous Cdk by RNAi reduced the nu 


‘Alough FOXOI or its fohead domain in clearacaumulation of FOXOI in cviy-depived 
teracted efficiently with 143-3 proteins, expres- neurons (Fig. 3C and fig. S4, A to C). In other 
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experiments, expression of eyelin B and Cdk 
triggered the nuclear accumulation of wild 
FOXO! but pot FOXOIS249A in neurons (lig. SS). 
‘These results suggest that Cdkl-induced phos- 
phorylation of FOXO! Ser” stimulates the nu- 
ear accumulation of FOXOI in neurons, 

The finding that Ser“?-phosphorylated 
FOXOI accumulates in the nucleus led us to test 
‘whether CdkI-FOXOI signaling might activate 
FOXO-dependent transcription. Overexpression 
id the ability of FOXO!, but 
49, to stimulate the expression 
of a luciferase reporter gene controlled by a 
FOXO-responsive promoter GXIRS ucferas) 
sranuie neurons (fig. S6)(9), Withdrawal of mem- 
‘brane depolarization induced the endogenous 
expression of the FOXO-responsive apoptotic 
zene BIA in granule neurons (Fig, 3D). Expre: 
sion of FOXO1S249A, but not of FOXOL, ree 
the induction of endogenous BIM expres 
‘upon activity deprivation (Fig. 3D), Deph 
of endogenous Cdk by RNAi in neurons re 
duced the expression of both the IXIRS luciferase 
reporter gene and a reporter gene controlled by 
the BIM promoter (Fig. 3E), Together, these 
results suggest that endogenous Cdk -induced 
phosphorylation of FOXOL at Ser stinn 
FOXO-dependent transcription, leading to BIM 
‘expression and consequent neuronal cell death, 

Overexpression of the Cdk|-related protein 
Kinase Cdk2 was reponted wo phesphory late FOXOL 
at Ser™, thereby inducing the nuclear exelusion 
and inhibition of FOXOL in prostate cancer cells 
(10), We found that overexpression of CAk2 or 
(Cak! stimulated FOXO |-dependent transcription 
and failed to promote the nuclear export of 
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Fig. 4. Endogenous Cak1-FOXO1 signaling stim- 
lates Pik expression in proliferating cells. (A to F) 
NIH 373 fibroblast cells were synchronized by 
contact inhibition (C1) or treatment with nocoda~ 
zole (Noo) as described (9) and were analyzed for 
DNA content by flow cytometry. (A) Representative 
profiles. (B) Lysates of synchronized NIH 313 cells 
were immunoblotted with phosphoS249-FOXO1, 


Pik1, cyclin B, FOXO1, or Erk1/2 antibody. (© Lysates of NIH 373 cells synchronized in Ga/Mt were fractionated into cytoplasmic and nuclear components and 
immunoblotted with the FOXO1, phosphoS249-FOXO1, SP1, or 14-3-3 antibody. The 14-3-3 and SP1 proteins indicate the cytoplasmic and nuclear 
‘compartments, respectively. (D) NIH 313 cells transfected with 3xIRS-luciferase reporter gene and synchronized as in (A) were subjected to luciferase assay. 


FOXO-dependent reporter expression was increased in Gy/M-enriched relative to Gy/Gy-enriched NIH 3T3 cells (mean + SEM, n= 


< 001, f test). (E) The 


amount of Plk mRNA was induced in GyM-enriched relative to Go/Gy-enriched NIH 373 cells (mean + SEM. n = 3; P < 0.001, t test. (F) Chromatin 
immunoprecipitation analysis of synchronized NIH 373 cells, using a rabbit immunoglobulin G control or a FOXO1 antibody. (G) NIH 3T3 cells transfected with 
U6-GFP/foxo RNAi or U6-GFP control RNAI plasmid were sorted on the basis of GFP expression. Lysates of sorted cells were immunoblotted with the Plk, FOXO1, 
‘or ERKI/2 antibody. (H) NIH 373 cells transfected with U6-GFP/foxo RNAi plasmid and FOXO1-Res or FOXO1-ResS249A were sorted on the basis of GFP 
‘expression. Lysates of sorted cells were analyzed as in (G). 


www.sciencemag.org 


SCIENCE VOL319 21 MARCH 2008 


1667 


| REP 


1668 


ORTS 


FOXOI in diverse cell types, including prostate 
cancer cells (figs $7 and S8) (9). We confirmed, 
that overexpression of Cdk? induced phospho- 
ylation of FOXO1 at Se” (fig. S9A). However, 
the FOXOI Ser phosphorylation was not re- 
duced in Cdk2-deficient fibroblasts (fig. S9, B. 
‘and C)(9), which suggests that endogenous Ca2 
may not be uniquely required for the FOXOL 
ier” phosphorylation in profiferating cells. 

To determine the consequences of endoge- 
nous FOXO! Scr” phosphorylation in pro 
liferating cells, we characterized the FOXO1 
phosphorylation in distinet phases of the cell 
in which Cdk! activity is low (Go or Gi) oF 
yynchronized DULAS prostate 
‘cancer eels (Hig, S10), NIH 33 fibroblass (Fi. 4), 
an! murine embryonic fibwoblass (MEFs). S11) 
nous FOXOI phosphorylation was low 
in cells enriched for the Gg or Gi phase and high 
in cells enriched for the GyM transition of the 
ele (Fig, 4B and figs. SIOB, SIIB, and 
S12), These findings suggest that_phosphoryl 
ation of endogenous FOXO! at Ser coincides 
nts Ck activity in the cell eyele 

¥e assessed the effet of phosphorylation of 
‘endogenous FONO1 at Ser” on the subcellular 
localization of FOXOL in proliferating celts. In 
‘subcellular fractionation assays, endogenous FOXO 
‘and See™®-phosphorylated FOXO in particular 
\were associated with the nuclear faction in Gy/M- 
ccriched cells (Fig. 4C and figs. S1OC and S11C). 
We also assessed the effect of phosphorylation of 
‘endogenous FOXO at Se on FOXO dependent 
transcription in proliferating cell, Expression of 


the FOXO-esponsive reporter gene was higher 
in GyM-enriched cells than in Gy Gy-enriched 
cells (Fig. 4D and figs. S10D and SLID). 

The gene promoter of the mitotic regulator 
Poko-like kinase (Pik) harbors conserved FOXO 
binding sites, and Pik transcription is induced by 
FOXOS atthe GyM transition (//). We therefore 
tested whether the gene encoding Pl might rep- 
resent a direct target of FOXOI in proliferating 
culls, Plk mRNA and protcin kevels were higher 
atthe GyM transition than inthe GG, phase of 
the cell eyele (Fig. 4, B and E, and figs. S10, B 
and E, and S11, B and E). In addition, FOXOL 
‘occupied the Pik gene promoter at G/M but not 
at GyGy (Fig. 4F and fig. SIOF). FOXO RNAi 
reduced endogenous Pik keels in alls (Fig. 4G) 
Expression of the RNA:esisant FOXOL-Re 
but not FOXOL-ResS249A, restored Plk expres- 
on in cells in the background of FOXO RNJ 
(Fig 411 and fig. S13). These results suggest that 
the gene encoding Pik represents a GyM-specific 
target gene of Ser”-phosphorylated FOXO1 in 
proliferating eels 

ur study reveals an intimate and conserved 
signaling link between the protein kinase Cdk 
and the transcription factor FOXOL. Cdk phos- 
phorybates FOXO! at Ser” and thereby disrupts 
FOXO!'s interaction with 143-3 proteins, dri 
ing FOXOI into the nucleus to activate a cell 
death program of gene expression in neurons. 
CakI-FOXOL signaling also operates at the GyM 
transition of the cell eycke in proliferating cells 
and thereby stimulates the expression ofthe mi- 
totic regulator Pik. The Cik1-FOXOI signaling 


pathway may thus have diverse functions in 
cellular homeostasis, including regulation of neu 
ronal death and degeneration in brain develop- 
‘ment and disease. 
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TDP-43 Mutations in Familial and 
Sporadic Amyotrophic Lateral Sclerosis 
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‘Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disorder characterized pathologically by 
uubiquitinated TAR DNA binding protein (TDP-43) inclusions. The function of TDP-43 in the nervous 


syste 


is uncertain, and a mechanistic role in neurodegeneration remains speculative. We 


identified neighboring mutations in a highly conserved region of TARDBP in sporadic and famiial 
ALS cases. TARDBPuss7y segregated with disease within one kindred and a genome-wide scan 
confirmed that linkage was restricted to chromosome 1p36, which contains the TARDBP locus. 
‘Mutant forms of TOP-43 fragmented in vitro more readily than wild type and, in vivo, caused 
neural apoptosis and developmental delay in the chick embryo. Our evidence suggests a 


pathophysiological link between TOP-43 and ALS. 


wolrophic Lateral sclerosis (ALS, also 
At as Lou Gehriv's discase) is. a 

Jentlesly. progressive and ultimately 
fatal adultonset disorder characterized patho 
logically by the degeneration of motor neurons 
inthe brain and spinal cord (/). ALS is familial, 
in 5 wo 10% of eases (FALS) with an autosomal 
dominant patiem of inheritance. Mutations in 
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CuZn superoxide dismutase (SOD!) are known 
to cause ALS, and are detected in ~20% of 
FALS and 3% of sporadic ALS (SALS) cases 
(2,3), Mice transgenic for mutant human SOD/ 
develop selective motor neuron degeneration 
because of a toxic gain of fimction (4). Pure 
FALS kindrads have been linked to chromo- 
some 18q (5), 16 (6), and 20p (7), Other dom- 


inant kindred that have a phenotypic spectrum 
ranging from pure ALS 1 pure trontotemporal 
Jobar dementia (FTLD) and individuals. who 
have features of both disorders have been linked 
to chromesome 9p and 9q (8-10), but no patho- 
izenic mutations have been identitied in these 
kindred 

‘The presence of ubiquitinated inclusions 
(UBIs) in the perikaryon and proximal axon of 
surviving spinal motor neurons is the patholog 
ical hallmark of ALS and indicates a failure of 
the proteasome to recycle damaged proteins 
(/D. UBIs are also prominent in cortical neu- 
rons within the frontal and temporal lobes in 
Patients with tacgative frontotemporal lobar 
«dementia (FTLD-U), Many individuals who pre- 
sent with a pure ALS phenotype will have path= 
ological features of FTLD-U and vice versa, 
hich also provides a circumstantial Tink be- 
tween FTLD and ALS (/2). The TAR DNA 
binding protein (TDP-43) is the major protein 
in UBls in FTLD-U and ALS (/3, 14), A 
phosphorylated f 
‘TDP-43 and hi 
aggregates are enriched in detengent-resist 
finctions of FTLD-U and ALS brains. Itis note 
Worthy that those neurons with cytoplasmic in- 
clusions have a substantial loss of nuclear TDP-43, 
Which raises the possibility that cleavage of full- 


h-molccular-mass ubiquitinated 
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length TDP-43 and cytoplasmic sequestration 
might play a mechanistic role in neurodegenera- 
tion. TDP-3 inclusions are seen in glia, and its 
deposition has been observed in many different 
neurmdegencrative disorders (I5-18}, however, 
claims of a pathophysiological role for TDP-43 
‘ageregation in ALS have been challenged (19). 
fe the role of TDP-43 in ALS 
index FALS 
in TARDBP, the gene 
encoding TDP-43 (20). SODI, VAPB, ANG. 
Dynactin, and CHMP2B mutations had been 
‘excluded fiom these eases, We identified mis- 
sense mutation in exon 6 of TARDBP in the 
index case from kindred ALSSS (Fig. 1A), a 
‘Caucasian family of English descent. The muta- 
tion is predicted to result in substitution of valine 
for methionine at codon 337 (M337V) (2/) and 
resides in a strongly phylogenetically conserved 
rogion of TDP-3 (Fig. 1C). The mutation sey- 
rogated with disease and! was present in four other 
affected individuals in three branches and two 
enerations of the extended kindred and. was 
absent from nine unalfected siblings 

Family ALS8S demonstrated autosomal 
dominant inheritance with male-to-male tr 
missio 
had definite ALS by the El E 
and another recently symptomatic individual had 
probable ALS. Three had limb-onset ALS, and 
two had bulbaronset ALS. The mean age of 
npiom onset was 47 years (range 44 to 52). 
Mean disease duration was 5.5 years (range 4 107) 
from symptom onset to death, The 
(ho died aged $4 fiom severe coronary athero- 
ma) was reported by family members to have haat 
suit disturbance andl declining upper limb strength 
‘consistent with ALS, There was no history of de- 
Imentia or any atypical features in the kine 

We next conducted a genome-wide sean in 
this kindred, DNA was available fom 23 mem- 
the kindred, including $ affected indi- 


ls (4 males and 1 female). By analysis of 
single- 


wucleotide polymorphism (SNP) geno- 
We identified linkage to chromosome 
1p36, which contains the ZARDBP locus, with a 
parametric multipoint logarithm of the odds ra 
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tio for Finkage (Jod) score of 2.04 (Fig. 2A). 
Fine mapping across the region with micro- 
satellite markers confirmed linkage with a maxi- 
mal two-point lod score of 2.73 at DIS4S0 (table 
SI) and a highly significant multipoint lod score 
of 2.93 (Fig. 2B), These lod scores approach the 
simulated maximum power to detect linkage in 
this kindred (simulated maximal tod score of 
2.98). Only one other locus on chromasome 1S 
generated a lod score of >I (fig. SI), but fine 
mapping with microsatellite markers confidently 
excluded linkage to this region (table S1), Anal- 
ysis of the microsatellite markers spanning the 
‘chromosome 1p36 region revealed a clear hapho- 
type that segregated with the mutation and dis- 
case (Fig, 20), Recombinant events in two 
unaffected individuals (U4 and 18) defined the 
telomeric limit as DIS279S. Recombination in 
‘one affected individual (IES) defined the centro- 
meric limit as DIS228. This linked region syan- 
ning 16.5 eM (-8.2 Mb) contains 97 genes in total 
including ZARDBP and the 1009 A>G mutation 

‘We next sought to determine the frequency 
of TDP-43 mutations by sequencing all six 
exons in a cohort of 200 British SALS cases. 
We identificd a missense mutation in exon 6 
(991 CA) which is. 18 base pairs upstream 
Of the familial mutation and predicted to be a 
substitution of lysine for glutamine (Q331K) 
(Fig. 1B). This mutation was found in a man 
Who developed limb-orset ALS at age 72 with a 
disease duration of 3 years. No mutations were 
detected in a screen of all six exons of TARDBP 
fiom $00 British Caucasian controls, which em 
phasizes the high degree of evolutionary conscr- 
Vation seen. Because Q331K and M337V ane 
Unlikely 10 be benign polymorphisms, we pro- 
ceccda to study the fictional effect of these 10 
mutations, 
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We screened all six exons of ZIRDBP in two 
further cohons: 172 Australian Caucasian SALS 
ceases and 172 controls, as well as 200 British 
Caucasian controls. A fther mut 
detected in exon 6 in an Australian SALS 
(S81 GC); the mutation was predicted to be a 
substitution of alanine for glyeine (G294A) (Fig. 
1B) The patient was a man who developed 
limb onset ALS at age 65, with 
duration of $ years and no atypical features. One 
nonsynonymous change in a single control was 
identified in exon 3 (269 CT), predicted to be a 
substitution of valine for alanine (A9OV) (fig. 
$2). This individual healthy 33-year-old 
Caucasian male, Last, we sequenced exon 6 of 
TARDBP in an additional 390 British and Aus- 
tralian Caucasian controls and found no muta 
tions. Mutations were detected in exon 6 in 3 
‘out of 326 ALS cases and 0 out of 1262 con- 
trols (P= 0.025 by Fischer's exact test) 

In onder to assess the functional significance 
‘of these mutations, we expressed tagged TDP- 
Bwr TDPBorixs and TDP-3ya37v in 
Chinese hamster ovary (CHO) cells, Immuno 
fAuorescent staining of cells 48 hours after ta 
fection demonstrated abundant expression of 
transfected TDP-43, No obvious differences in 
subcellular distribution or aggreyati ob- 
served between wild-type and mutant proteins. 
Using the lactate dehydrogenase (LDH) as 
ease in cell death in 
CHO cells transfected with either TDP-43 mu- 
tant when compared with wild type. Probing 
immunoblots of the eytoplasmic fraction for the 
Natceminal Mye tag revealed numerous fagments 
varying in molecular weight from ~14 1 =48 kD 
(Fig. 3A). Quantitative analysis of the most prom: 
nent bands demonstrated a nonsignificant in- 
crease in the M4-kD band in the mutants and a 
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Fig. 1. Identification of three missense mutations in exon 6 of TARDBP. (A) DNA sequence demonstrating 
2 single base substitution (asterisk) changing the wild-type adenine at 1009 to guanine, valine 
‘substituting for methionine (M337V).(B) Two additional mutations were found in sporadic ALS cases: 991. 
‘CoA. lysine substituted for glutamine (Q331K); and 881 G>C, alanine substituted for glycine (G294A). (C) 
‘A sequence alignment of amino acids 287 to 347 of TDPS3 from diverse vertebrate species is shown, 
Identical amino acids have a black background, similar amino acids are gray, and mutation sites are red. 
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icant increase in the 18-kD band when com- 
pared with wild-type TDP (Fig. 3B, WT ver 
sus Q33IK, P< 0.01, and WT versus M337V, 
P< 0.05). 

We next investigated the efleets of TDP-43 
‘mutants in chick embryos. This model allows 
DNA to be efficiently delivered directly into the 
neural tube by electroporation, which permits 
in Vivo analysis of neural tissue expressing 


Fig. 2. Mutation in 
TARDBP cosegregates “VI 
with disease in kindred 
‘ALSBS, (AY Linkage anal- 
ysis of Affymetrix 10K 
SNP array data demon- 
‘trated linkage to chromo 
some 136, B) Linkage 
to the region containing 
TAROBP was confirmed 
by using microsatlite 
markers. (C) The ALS8S 
pedigree is shown. AF 
fected individuals are 
indicated by black sym- 
bols, The proband is in- 
dicated by the arrow. 
Unatfected individuals 
have open symbols, 
(ertical bar) was an 
‘obligate carr with an 
anecdotal history of ALS, 
Slashed symbols indicate 
‘deceased subjects. Gerr 
des has been omitted for 
confidentiality, Microsat- 
‘elite markers are shown 
in chromosomal order, 
with their genetic and 
physical locations. Geno- 
types for each indi- 
vidual are given with 
inferred genotypes in 
parentheses. The haplo- 
{ype segregating with dis- 
‘ease is indicated by the 
black bar. The 1009 A>G 
TAROBP mutation sini 
‘ated by avtite“G" ona 
black background. 
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transfected genes (23), We expressed tagged 
TDP-43wr, TDP-439ss1x and TDP-B3ans7v 
inthe spinal cons of Hamburger Hamilton (HH) 
stage 14 chick embryos (Fig. 4, Dto F). SOD wr 
and the ALS-linked SOD leaq mutant were uscd 
as controls, Embryos expressing TDP-3qssnx 
and TDP-43yg3ry showed a dramatic reduction 
in maturation compared with TDP-43yp. with a 
failure to develop normal limb and tail buds 


‘Multipoint LOD score 


M from tpter 
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(Fig. 4, A to ©). Chick embryo development 
roceeded nommully over 48 hours with TDP-13wr, 
SODI wr. and SODIg93q but at 24 hours only 
5 10 15% of those embryos expressing mutant 
‘TDP-43 had reached the normal stage of matu- 
ration (Fig, 4J, P< 10"), Terminal deoxy 
nucleotidy1 transferase-mediated deoxyuridine 
triphosphate biotin nick end labeling (TUNEL) 
staining demonstrated a significant inerease in 
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CHO ‘cells transiently transfected with wildtype 
‘and mutant TDP-43, (A) Probing for the N-terminal 
[Myc tag shows numerous fragments that were 
absent in controls (NT, nontransfected, and CAT, 
chloramphenicol acetyl transferase-transfected). 
The dominant bands were at 40, 18, and 14 kD. (B) 
Quantitative analysis of Myc-immunoreactive 
bands, Densitometry of bands was conducted using 
Odyssey. Results are means + SEM for eight 
experiments, 


3. Immunoblots of cytoplasmic fractions from A 
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Fig. 4. Mutant TDP-43 causes chick embryonic develop- 
‘mental delay. Chick embryo spinal cords were transfected 
with plasmids encoding wildtype TOP-43 (A, D, and Gi; 
mutant Q331K (B, E, and Hl; or M337V (C F, and D. 
Embryo images and sections shown were taken 24 hours 
Pst electroporation. Embryos expressing TDP43qyr devel- 
‘oped normal ib (black arrows) and tail buds (A); those 
expressing mutant TDP-43 did not (B and ©). Magnified 
images of upper limb buds are shown in insets. (D) to (F 
Transverse sections of chick spinal cord double-stained 
with hemagglutinin (HA)-specfic (green) and Myc-speciic 
(ted) antibodies to the tags on transfected TOP-83 con- 
structs, Unilateral TOP-43 constrict expression in spinal 
cord neural cells occurs after embxyo electroporation. The 
majority of the cells in the transfected region have the 
characteristic phenotype of neuroepitheial cel. () to () 
TUNEL staining of sections shown in (D) to (F) demon- 
strates apoptotic nucle blue arrowed. (J) The percentage of 
embryos that matured normally (reached HH stage 15 or 
17 after 24 hours and 48 hours, respectively) is shown. 
Data were generated from analysis of 49 embryos in each 
treatment group. (K) Quantification of apoptosis. TUNEL- 
positive cels in five sections per embryo two embryos per 
transfection) were counted. 
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the number of apoptotic nuclei in embryos 
expressing either mutant TDP-43 when com- 
pared with wild type (Fig. 4, G to Land K, P 
0,001). These results suggest a toric gain of 
function or dominant negative effect of mutant 
TDP-3, 

TDP-43 is a ubiquitously expressed nuclear 
protein capable of binding DNA and RNA, 
Which regulates transcription and splicing but 
may also be involved in microRNA biogenesis, 
apoptosis and cell division (24), The C-terminal 
domain binds heterogeneous ribonuclear pro- 
teins and inhibits splicing of the eystic fibrosis 
transmembrane conductance regulator mRNA 
(23). The accumulation of hyperphosphory lated 
‘TDP-43 fragments in the perikaryon of neurons 
in FTLD-U and ALS is accompanied by a sub- 
stantial loss of TDP-43 from the nucleus (13. 14) 
The sequestration of TDP-43 would be predicted 
to distupt the regulation of transcription and 
splicing, which may account for the 1.S-fokd 
inewease in TDP-43 mRNA seen in FTLD-U 
brains (26). The identification of TDP-43 muta- 
tions that result in increased fragmentation and 
toxicity to neural cells strongly supports a patho- 
physiological roke for TDP-A3 misaccumulation 
in ALS, Robust linkaye to the TARDBP locus in 
kindred ALSSS adds crucial evidence that the 
M337V mutation is pathogenic. 

‘The G204A, Q33IK, and M337V mutations 
are all localized t0 a highly conserved region of 
the € terminus of TDP-43 known to be involved 
Jn protein-protein interactions (25). The Q331K 
mutation in particular ereates & new protein kis 
nase A site, which may result in abnormal phos 
phorylation. The G294A mutation interrupts. a 
lycinenun motif chanicteristc of all heteroge- 
ricous nuclear ribonuclcoprotcins and may inter 
fere with RNA binding and gene suppression (27). 


Three other studies have failed to identify 
TARDBP mutations in FTLD and ALS (28-30), 
(Our findings suggest that although mutations are 
rare they may be pathogenically linked to ALS. 
Parallels exist with other ncurodegencrative 
disorders where the identification of rare familial 
mutations in the Baumyloié precursor protein in 
Alhcimer’s discase and a-synuciein in Parkinson's 
disease has dramatically advanced studies into 
the pathogenesis of a predominantly sporadic 
disease. Elucidating the biochemical processes 
responsible for the increased fragmentation of 
TDP-43 and its toxicity to neural tissues may 
[provide important insights into disease mecha- 
nisms that underlie ALS. 


References and Notes 
CE Sham, A ALChalbi, M.Lsigh, Cor. Newel 
‘Neurosci. Rep. 2. #9 (O00. 
OLR Rosen etal, Nature 362, 59 (1993). 
CE, Shaw eto, Neurology 49, 1612 (1997). 
ME Gurney et ol, Sdence 264, 1772 (998). 
‘5. Kadan et ol, Not. Genet. 29, 166 (2000). 
1. M Raddy el, Am. J. Mom, Genet. 73, 390 (2003). 
P.C Sapp et ol, Am. J Hm. Genet. 73, 397 (2003) 
A Haier eto, JAA 284, 1664 (2000) 
Vance fol, Bioin 129, 868 (2006) 
M Mexia et of. Newology 66, $39 (2006). 
P.M. Leigh fol, Bain 124, 775 (99D. 
‘A.M Upton,C. white I EH. Bgl, Act Newoparbo 
Gerind 108, 379 (2004. 
M Neumann eto, Science 314, 130 (2006), 
Tait t, Beochem. Brophy. ex. Common. 381, 602 
2006). 
15. C Amador Ort ol, Ann, Newol. 62, 435 (2007). 
16. ML Hasegams etal, Brin 130, 1386 (2007) 
17, M. Makashinw-Yanuta to, Act Newopothel. Bertin) 
314, 221 (2007, 
18, 5. Freeman 1. Spresones, 8.1. Hyman, 
ILM. Gromdon, MP Froich J. Newropetol. xp. Neuro. 
67, 02 (2008). 


BE REBeeaereee 


21 Single leer abbreviations forthe amino acid residues 
axe as follows: A, Ala Cys, Asp; E, Gl; F, Phe; 
6, Gy H Mise, Ls Leu; My Met, AS; , Pro; 
1, Gr: R Ag, Ser: Th; V, Val W, Trp; and ¥, yt 

22, 8 R Boks, RG. Milt, ML Sash, TL. Mansa, 
‘Amyotroph. Lateral Slr. Other Motor Newron Disord 1, 
293 (2000, 

23. G.D. Ghadge el, Neorobiol Dis 21, 194 (2006) 

24, E Burath, FE Baral, Front. Bow 13, 867 (2008), 

25. E Burtt e ol, J Biol. Chem. 280, 37572 (2005) 

26. ML Mishra eto, Acta Neuropathol. (erin) 124, 81 
coon, 

27. MLM. Abiyonar,C. Urea, P,P. Re, Biok Chem, 
‘282, 36143 (2007, 

26, § ollinan ef ol, Neurosci. Lett. 419, 1 (2007). 

29. A Schumacher el, Neurobiol. Aging, published onine 
3 July 2007, 10.2026} newrobolaging 2007.05 022, 
in press. 

30. |. Gilink tof, Newobiot Aging, publsed online 
3 July 2007, 1.10164 newrobiolaging 2007.11.002, 
in pres. 

31. This publication is deccated to the memory of Steven 
‘Acketey, an oustanding young scientist, We thank the 
patents and families who have contributed to ths projet 
and to 8, Coote, C. Cece} Gardham, the MRC 
Mewrodegenerave Oseases Brain Bonk andthe 
‘Astalian Motor Neurone Oease (MND) ONA Bonk for 
‘assistance in sample collection, This work was supported 
by grants tom The Wellcome Trust; European Union 
‘contract {SHM-CT-2003-503330 (APOPS), American AS 
‘osciation; Motor Neurone Obease Asocation, UK; 
‘Medical Research Counc, UX; the Middlemas fay, 
Jack Gigman; King's College Hopital charity the 
Payhiary Research Trust ofthe iste of Psychiatry; 
and the Motor Neurone Disease Research Institute ol 
‘Astral (NDR) 


‘Supporting Ontine Materiat 
vem clencerag orgigicontentfull154584/001, 
ateras and Methods 

SOM Test 

Figs. 51 to 54 

Tables $1 0 53 

Releences 

26 December 2007; accepted 19 February 2008 
Pulsed entine 28 February 2008; 
10.1126/cience. 1154584 

Ince this intomation when ting this paper. 


A Nitric Oxide—Inducible Lactate 
Dehydrogenase Enables Staphylococcus 
aureus to Resist Innate Immunity 


‘Anthony R. Richardson,? Stephen J. Libby,” Ferric C. Fang*** 


Staphylococcus aureus is one of the most successful human pathogens, colonizing 2 billion individuals. 
worldivide and causing invasive infections even in immunocompetent hosts. . aureus can evade 
‘multiple components of host innate immunity, including the antimicrobial radical nitric oxide (NO") 
produced by activated phagocytes. We show that S. aureus is capable of metabolically adapting to 
nitrosatve stress by expressing an NO™inducible cactate dehydrogenase (dh, SACOLOZ22) 
divergent transcribed from the NO™detoxifying flavohemoglobin (hmp). v-Lactate production allows 
'. aureus to maintain redox homeostasis during nitrosative stress and is essential for virulence. 

NO" inducible lactate dehydrogenase activity and NO" resistance distinguish S. aureus from the closely 
related commensal species S. epidermidis and S. saprophyticus. 


INO’) by NO synthase is one of the most 
foroad-spectrum mechanisms of host resist- 
ance to pathogenic microoranisins (/). NO" 


E matic generation of radial nitric oxide 
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synthesis és observed in patients with staphylo- 
coccal infections (2), and S. aureus stimulates 
NO* production by human phagocytes (3). More- 
‘over, high NO" concentrations are found in the 


nasopharynx (4), the primary site of S. aureus 
colonization. NO" and its congeners can moxify a 
varity of cellular targets, including, heme and 
rnonbeme iron, protein thiols, tyrosine residues, 
lipids, and DNA (5-9), Despite the abundance of 
potential NO" tangets, aureus isable to resist the 
antimicrobial actions of NO" through a coordi- 
nated nitrosative stress response that includes the 
Hip flayobemoglobin and enzymes involved in 
hypoxic or anaerobic metabolism (/0). Mutant 
strains lacking a two-component regulatory s) 
tem, SAB, which controls the transition to 
hypoxicianaerobic metabolism, are extremely 
sensitive to nitrosative stress (0), 

The ability to replicate in the presence of NO" 
distinguishes S, aureus from many other bacterial 
pathozens (fig. S1), including the commensal 
species S epidermidis and S. suprophyticus (Fig 
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1A), NO resistance isa general tt of S aureus 
‘observed in methicilin-susceptible (MSS) and 
miethicillin-resisiant (MRSA) clinical isolates 
from both hospital and community-acquired 
(CA-MRSA) settings (Fig, 1A). 

To gain insights into the metabolic state of 
S. aureus growing under mitrosative stress, We 
assessed end-product excretion for 4 hours after 
‘exogenous NO" treatment, Under aembic condi- 
ns, S. aureus primarily excreted acetate, 
whereas fermenting cells produced a mixture of 
ly t-bctate, ethanol, and formate (Fig. 1B), 
However, upon NO" exposure, respiting cells 
ceased acetate production and fermenting cells 
no longer exereted measurable amounts of etha- 
nol of formate (Fig, 1B). Moreover, NO" expo- 
sure resulted in almost exclusive production of 
Lelactate from both respiring and fermenting 
S. aureus (Fig. 1B), Which suggests that nitro- 
sative stress resrits available glucose catabolic 
pathways. These results are consistent with in- 
creased lactate dehydrogenase gene expres 
sion observed in S. aureus exposed to NO" or 
anaerobiosis (Fig, 1C) (20, 12) Interestingly, al- 
though both S. epidermidis and S. saprophvticus 
exhibited inereased lactate dehydrogenase activity 
under anaerobic conditions, neither species dis- 


Fig. 1. Metabolic adaptation of 5. aureus to 
nitrosative stress. (A) Growth rate y (hour-*) of 
5. aureus strains COL (blue circles), Newman (blue 
‘diamonds), and M2 (blue squares); 5. epidermidis 
strains 6293 (cyan circles) and 6903 (cyan 
diamonds); and 5. saprophyticus strains CL3 (ed 
circles) and C1L4 (red diamonds) in PN medium 
(10) after NO" exposure. (B) Metabolite excretion 
profile of 5. aureus COL and derivatives grown in 
PN medium aerobically (+02) or anaerobically 
(0,) in the presence or absence of NO". Data 
represent average rates of acetate (red), lactate 
(dark blue), o-lactate (light blue), ethanol (orange), 
‘or formate (cyan) production (hour*+10° CFU) 
during 4 hours of NO" stress. (C) o- and t-lactate 
dehydrogenase activity in cell-free extracts from 
cultures grown in PN’ medium aerobically (Aer), 
aerobically with NO", or anaerobically (Anaer), (D) 
Pyruvate metabolism in S. aureus, Glucose (Gle) is 
oxidized to pyruvate (Pyr), which can be converted 
to o- or lactate (o-Lac, t-Lac) or oxidatively 
decarborylated, generating CO, and acetyl-CoA 
(Ace-CoA). Acetyl-CoA is converted to acetate (Ace) 
to generate ATP. Anaerobicaly, pyruvate can be 
converted to 2,3-butanediol(2,3-But) or to formate 
(For) and acetyl-CoA, the latter of which can be 
reduced to ethanol (EtOH). 
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played lactate dehydrogenase activity afler treat 
ment with NO" (Fig. IC). Thus, NO™inducible 
Ibetate dehydrogenase activity Bspecitic tS. aureus 
and correlates with the ability to replicate during 
nitrosative stress (Fig. 1, A and C). 

NO” can inhibit aerobic respiration by com 
Petitively binding to cytochrome hemes of the 
terminal oxidases (/2). Indeed, exposure of 5. 
‘aureus to NO" completely inhibited oxygen oo 
sumption until Hmp-mediated scavenging, kww- 
ered NO" to submicromolar levels (Fig. 2A). 
Therefore, reducing equivakents generated from 
glucose oxidation during nitrosative stress must 
bbe handled in a respiration-independent manner, 
as occurs by the reduction of pyruvate 10 lactate 
(Fig. ID), Although NO™dependent inhibition of 
respiration poses a redox stress leading to in- 
creased t-lactate excretion, this cannot account 
for the absence of acetate production during 
nitrosative stress. To investigate this phenome- 
fon, we detemnined enzyme activities in cell-free 
extracts in the presence or absence of inewwasing 
NO" concentrations (Fig. 2B), Both t- and o- 
Facute dehydrogenase activities were found to be 
resistant to NO", but pynwate dehydrogenase 
(PDH) activity was extremely NO"sensitive. 
Inhibition of PDI limits the generation of acetyl 


Growth Rate, y(t!) 
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mL-Ldh 


§ 


U (mM NADH-mg protein!-mint) 
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coenzyme A (CoA), thereby restricting acetate 
production (Fig. 1D). Thus, in addition to over- 
coming the redox stress created by impaired res- 
piration, NO™reated S. aureus must adapt to a 
ower overall adenosine triphosphate (ATP) yield 

In glicose-fermenting S. aureus, pyruvate 
fan serve as an electron acceptor, generating 
lactate from three different lactate dehydro- 
gonases (Fig. ID). AcetyCoA production pro- 
eceds via the pyruvate formate-lyase (PEL) 
action, which converts pyruvate to formate rather 
than COs and thus does not consume oxidized 
nicotinamide adenine dinucleotide (NAD")( 
1D). Excess acetyl-CoA is converted to ethanol 
by an iron-containing alcohol dehydrogenase 
(ADI), regenerating twice as much oxidizing 
power as lactate production (Fig. 1D), The tend= 
‘ency of fermenting cells to forgo the additional 
ATP yield from acetate production in favor of 
NAD generating ethanol synthesis underscores 
the importance of redox balance in nonrespiring 
ccolls (Fig. 1, Band D), PPL is inhibited at physio- 
logically relevant NO" concentrations (Fig. 2B), 
thereby limiting acetyl-CoA production and ac 
counting for the absence of ethanol exeretion 
despite the NO" resistance of ADH (Fig. 1B and 
2B), By limiting ethanol production, NO* 
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celiminates an efficient mechanism of NAD* regen 
ng fermenting cells to rely on t-lact 
nase 10 maintain redox. homeostasis 


© of lactate dehydrogenase 
activity in maintaining redox homeostasis in both 
aerobically and anaerobically cultured cells un- 
dergoing nitrosative stress is demonstrated by 


7 r 7 
INADTVINADH] Ratio 


the inability ofan dhl {dh2 mutant to maintain a 
physiological balance of NAD” and its reduced 
form NADH in the presence of NO" (Fig. 2C). 
Thus, the NO™resistant metabolic state achieved 
by S aureus growing under nitrosative stress 1 

quires the induction of t-lactate dehydrogenase 
activity. Transcript levels of idl (SACOL2618) 
Were relatively abundant under aerobic growth 


Fig. 2. Physiological consequences of NO" exposure in S. aureus. (A) NO" inhibition of staphylococcal 
respiration. Oxygen consumption was measured in cell suspensions in sealed vessels as loss of dissolved 
‘onygen (red) by means of a Clark-type electrode. The presence of NO" (blue) was simultaneously 
‘monitored via an NO"-specific probe and was enzymatically scavenged from the cell suspension in a Hmp- 
dependent manner; compare top trace (wild type, WT with the bottom trace from hmp mutant cells. (B) 
Percent enzyme activity in cell-free extracts as a function of NO" concentration. POH, pyruvate 
dehydrogenase; LOH, ‘lactate dehydrogenase; DDH, o-lactate dehydrogenase: ADH, alcohol de- 


hydrogena 


FL, pyruvate formate lyase. Enzymatic activity assays are described in (17) and fig. $3. 


(© Redox state of cells measured as NAD*INADH ratio during aerobic and anaerobic growth in the 
presence or absence of NO". Nucleotide extraction and quantification were performed as described in 
(27), (D) Transcript levels of Idh and (af2 under varying environmental conditions. We used quantitative 


real-time reverse transcri 


jon polymerase chain reaction to compare idh and idh2 transcrip levels via a 


AAG algorithm outlined in (27). Values represent transcript levels relative to those of rpoD, encoding the 


‘igma-70 subunit of RNA polymerase. 


Fig. 3. Role of -lactate dehydrogenase activity 
in S. aureus NO" resistance. (A) Growth rate 
(hour) of 5. aureus COL and derivatives grown 
aerobically (left) or anaerobically (right) in PN 


Idht (dh2 S. aureus Newman, with pldh har- 
boring the /dhi allele from S. aureus expressed 
from its endogenous promoter. 
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and were modestly induced by anaerobiosis, but 
remained unchanged during nitrosative stress 
(Fig. 2D). In contrast, (dhl expression was 
Virtually undetectable in aerobic cultures: but 
predominated upon NO" exposure (Fig. 2D and 
fig, S2). Accordingly, inactivation of /dht 
measurably impaired staphylococcal growth 
during nitrosative stress in both aerobically and 
anacrobically cultured cells (Fig. 3A). Both Ldhl 
and Lah? are resistant to NO* (fig. S2); thus, 
constitutive Lah? an paially compen- 
sate forthe loss of LahI. However, the complete 
loss of Llactate production in an ht fdh2 
mutant climinated the ability of S. aureus to 
grow in the presence of NO” (Fig. 1B and Fig, 
3A) Furthermore, providing the (dit! gene in 
tans significantly enhanced the growth re of 
both ffl and dh dl. rants in the presence 
of NO" (Fig. 3B), Collectively, these data show 
that adaptation to the metabolic constraints im 
posed by NO" under both aerobic and hypoxic 
conditions is critical for S_ aureus resistance 10 
nitosative stress, NO"induible dl appears to be 
Primarily responsible for th 

Of S- aureus 1 nitrosative stress in vito 
‘resent in all S, aureus genomes seq 


tants in a murine sepsis model, Intravenous (iv) 
injection of CS7BL6 mice with $ * 107 colony- 
forming units (CFU) of wikltype S. aureus 
induced athritic symptoms by day 3, followed 
bby 2 wocks of progressive disease (Fig. 4). 
Whereas an fdh2 mutation alone had no discern: 
able effect on virulence, strains lacking the NO™ 
inducible 4h! gene were measurably atienuated, 
and fh Aah mutants were essentially avirulent 
(Fig. 4A), Furthermore, the fd and Mihi did 
‘mutant strains exhibited competitive disdvan- 
tages (by a factor of 4 and a factor of 67, 


respectively) when coadministered with wild 
type S. aureus (Fig. 4A, inset). 

amination of infected renal 
on revealed 


Histological 
tissue $ days after inocu 
abscesses. surrounding 
(Fig. 4B), By day 5, abscesses wer 
larger and more numerous in mic 


significantly 
inoculated 
ype S. aureus relative to kale or ld 


mutants (Fig. 4B and fig. $4). The redo 
mortality, decreased abscess formation, and 
competitive disadvantage exhibited by the ditt 
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mutant were not apparent in congenic CS7BLIG 
iNOS” mice lacking the ability to produce 
inflammatory NO" (Fig. 4nd fig. S4). Addition- 
ally. -lactate dehydrogenase activity is nvessary 
for S. aureus to resist the cytostatic efeets of host 
NO? in cultured murine macrophages (fi. $5). 
Thus, NO“inducible {dhl allows S. aurens w 
evade hostderived NO". Although the attenua- 
tion of dl {di mutants was partially abrogated 


NOS mice, virulence was not fully restored 
4A), Together, these data suggest that an 
independent requirement for t-lactate de- 
hydrogenase activity during infection can be met 
by either Adh or {dh2, but NO" resistance spe- 
cifically requires high-level t-lactate dchydrogen- 
ase activity provided by ddl. 

This work has identified novel enzymatic 
targets of NO" and provided insights into the 


Fig. 4. Role of NO" induced lactate dehydrogenase activity in S. aureus virulence. (A) Survival of 6-week- 
‘old female C57BU6 and isogenic iNOS~~ mice inoculated iv with 5 x 10? CFU ofS. aureus strain Newman 
‘and mutant derivatives. Inset: Competitive indices [C.1. = (mutantour:wild-typeour)/(mutanty:wild- 
type] of (dh1 or fdh1 (dh2 mutants coinfected iv with wild-type S. aureus strain Newman. Mice were 
‘injected with 10? CFU of 1:1 mixtures of mutant and wild-type bacteria; kidneys were harvested at S days 
after infection, homogenized, sonicated to disrupt S. aureus aggregates, and plated to determine viable 
CFU counts. Colonies were patched onto selective medium to determine the ratio of mutant to wild-type 
bacteria in renal tissue. (B) Histology of infected murine renal tissue. Female CS7BU6 mice were 
inoculated iv with 10” CFU of S. aureus strain Newman or indicated derivatives; tissue was harvested 
5 days after infection, formalin-fixed, paraffin-embedded, then stained with hematoxylin and eosin. Scale 


bar, 1mm, 
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metabolic state of S. aureus growing in the 
presence of hostlerived NO™. NO" inhibits 
respiration as well as acetyl-CoA generation by 
PDH and PFL. Although the mechanism by 
‘which NO" inhibits PDH and PEL is uncertain, 
preferential reactivity of NO" with sulfhydryl 
sgxoups and metals (/3) suggests several possible 
molecular targets. The PDH complex requires the 
sulfhydry-contaiing cofactor lipoamide and the 
ccoondinate activity of four redox-active thiols to 
catalyze the oxidative decarboxylation of pyni- 
Vate (4), PFL isan oxygen-labile enzyme whose 
active site contains both glyey! and thiy! radical 
‘moicties during catalysis (/5), Moreover, PFL 
activation requires an additional enzyme, PALA, 
which contains an iron-sulfur cluster (16). 

Metabolic adaptation to circumvent NO‘ 
mediated cytosiasis is essential for the full 
virulence of S. aureus in an immunocompetent 
host. Whether S. aureus is residing within 
aerobic or hypoxic niche within the host, No 
restricts available options to regenerate oxidizing 
power A key adaptive response of S. aurens 
during nitrasative stress is the induction of Ml 
encoding the dominant Llactate dehydrogenase 
(Fig. 2D and fig, S2), Interestingly, NO" indue- 
tion of Jin is independent of the SAB two- 
component system, thereby implicating other 
mechanisms for the NO" sensitivity of the srrABt 
mutant (/0), The dhl allele is absent from 
coagulase-negative S. epidermidis and S. sqpro- 
phticus (fig. $6), and consequently neither 
species exhibits NO" inducible t-lactate dehy dro- 
genase activity nor grows under nitrosative stress 
(Fig, 1, and ©). Thus. S. aureus has evolved 
NOVindueible Llactate dehydrogenase setvity 
through the acquisition of dil, which is diver- 
gently tanscribod from the NO"-scavenging flavo- 
hemoglobin encoded by Him. 

The /mp-ldir\ locus comprises a 8. aureus 
specific NO"-tesistance cassette that both detoxi- 
fies host-erived NO" and circumvents its det 
mental metabolic consequences. The patho 
nature of S. aureus hinges on a previously un- 
appreciated feature of its redox metabolism —the 
ability to induce homolactic Fermentation during 
nitrosative stress. 
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Oncogenic CARD11 Mutations in Human 
Diffuse Large B Cell Lymphoma 


Georg Lenz,** R. Eric Davis,* Vu N. Ngo,? Lloyd Lam,* Thaddeus C. George,” 
George W. Wright,? Sandeep S. Dave,” Hong Zhao,’ Weihong Xu,? Andreas Rosenwald,* 


German Ott,*° Hans Konrad Muller-Hermelink,* Randy D. Gascoyne,* Joseph M. Connors,’ 


Lisa M, Rimsza,’ Elias Campo," Elaine S, Jaffe,” Jan Delabie,”° Erlend B. Smeland, 
Richard |. Fisher, ¥* Wing C. Chan, Louis M. Staudt 


Diffuse large B cell lymphoma (DLBCL) is the most common form of non-Hodgkin's lymphoma. in the least 
‘curable (ABO subtype of DLBCL, survival of the malignant cells is dependent on constitutive activation 
‘of the nuclear factor-xB (NFB) signaling pathway. In normal B cels, antigen receptor-induced 
NF-sB activation requires CARD11, a cytoplasmic scaffolding protein. To determine whether CARD11. 
contributes to tumorigenesis, we sequenced the CARD17 gene in human DLBCL tumors. We detected 
missense mutations in 7 of 73 ABC DLBCL biopsies (9.6%), all within exons encoding the coiled-coil 
domain, Experimental introduction of CARD22 coiled-<oil domain mutants into lymphoma cell tines 
resulted in constitutive NF-x8 activation and enhanced NF-«B activity upon antigen receptor stimulation. 
These results demonstrate that CARD11 is a bona fide oncogene in DLBCL, providing a genetic rationale 
for the development of pharmacological inhibitors of the CARD11 pathway for DLBCL therapy. 


iMuse large DLBCL is the most com- 
D«= type of non-Hodgkin's lymphoma, 

accounting for 30 to 41% of cases (I). 
DLBCL consists of three subtypes: germinal 
cconter B cell-like (GCB) DLBCL, activated B 
cell-like (ABC) DLBCL, and primary medias- 
tinal B cell lymphoma (2-5), Although more 
than half of DLBCLs are curable (6), the ABC 
DLBCL subtype, which accounts for roughly 
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‘one-thind of the cases, has an 
sis G). 

A characteristic feature of ABC DLBCLs is 
constitutive activation of the NF-xB pathway 
\Wwhich plays a pivotal ole in profiferation, differ- 
entiation, an survival of normal Iympboid cells 
(7). leas previously shown that survival of ABC 
DLBCLs depends on NF-xB function; inhibi 
tion of the NF-XB pathway was toxic 10 ABC 
DLBCL but not to GCB DLBCL cell lines (7). 
In an RNA interference sereen, small hairpin 
RNAs (shRNAs) targeting CARDII (also known 
as CARMA1 or Bimp3) were toxic to ABC but not 
GCB DLBCL cell lines (8). During antigen stim 
ulation of normal lymphocytes, CARDII func= 
tions as a signaling scaffold protein to coordinate 
the activation of IxB kinase B (IKK). a positive 
regulator of the NF-xB pathway (9). 

ss¢ studies showed that CARD 
constitutive activation of 
NF-xB in ABC DLBCL. they did not address the 
mechanism of CARDII activation in these lym- 
phomas. Normal B cells require “tonic” B cell 
receptor (BCR) signaling to the NF-xB pathway 
for survival (/0, 11), and CARDI1 is required 
forthe diflerentiation and or survival of discrete 
B cell subpopulations (/2-15). Thus, ABC 
DLBCLs might “inherit” their dependence on 
CARDIL from their normal celular counterpart. 
Alternatively, addiction of ABC DLBCLs to 
CARDII signaling might stem from oncogenic 
‘mutations in this pathway. To address this issue, 
We initially resequenced all coding exons of 
CARDII in 16 ABC DLBCL biopsies and four 


ferior progno- 


ABC DLBCL cell fines; we discovered missense 
‘base substitutions in three biopsies and ane cell 
Tine. AN substitutions affected the coiled-coil 
domain, which medistes CARDI! oligomeriza- 
tion and NF-xB pathway activation (/4, 16). We 
next resequenced the coiled-coil domain exons in 
136 additional DLBCL biopsies. In all, we 
detected missense substitutions alfecting amino 
acids in or immediately adjacent to the coiled- 
coil domain in 9.6% (7/73) of ABC DLBCL 
biopsies but in only 3.8% (3779) ofGCB DLBCL 
biopsies (Fig. 1A). As a control, we analyzed 19 
smucosasociated lymphoid tissue (MALT) Iym- 
phoma biopsies because MALT lymphomas ean 
also have constitutive NF-<B activation; no 
coiled-coil domain substitutions were detected 

‘To test whether these base substitutions rep- 
resent acquired tumor-specific mutations or rare 
CARDII polymorphisms, we sequenced the germ 
ls 
constitutional DNA was avail 10, 
and 11), Each of these normal samples was wild 
type forthe CARD// coiled-coil region, and thus 
the hase substitutions inthe tumors were somatic 
‘mutations. In a fifth case, some alleles cloned 
fiom the tumor DNA had two separate base 
substitutions (9a and 9) but other alleles had 
cy one ofthese (Pa). We conchide that base sub- 
stitution 9b occurred as somatic mutation that was 
‘acquired by the tumor after 94. Together, these 
data make it likely that all ofthe coiled-coil do- 
main substitutions represent somatic mutations —a 
view supported by their functional activity, as 
detailed below 

‘A gene expression signature of NF-xB path- 
‘way activity was highly expressed in all ABC 
DLBCL biopsies, imespective of CARDIT muta- 
tional stats, as expected (7) (Fig. 1B), Notably, 
this signature was higher in GCB DLBCLs with 
‘mutant CARDI/ than in those with wild-type 
‘CARDI indicating activation of the NF-xB puath~ 
‘way by these mutations (P = 0,046) 

‘To explore the functional consequences of the 
CARDII mutations, we expressed mutant oF W 
type CARDII proteins in a variant ofthe Jurkat 
‘human T cell line that lacks endoyenous CARD 
expression and harbors an NF-xB-driven en= 
hanced green forescent protein (EGFP) reporter 
(77). Six of 11 CARDLL mutants (numbers 2, 3, 
3,7, 9, Sab, and 10) produced strong NF-xB 
activity without any exogenous simulation, which 
‘was not observed with wildtype CARDI even 
though wild-type and mutant CARDI proteins 
accumulited to comparable levels (Fig. 2A and 
fig. $1, A and B). The five remaining mutants 
(numbers 4, 6, 8, 9b, and 11) produced a more 


www.sciencemag.org 


modest degree of constitutive NF-xB activation, 
‘which was nonetheless greater than that of wild- 
type CARDIL. In response to T cell receptor 
activation, cells expressing wikl-type CARDIL 
showed a moderate inerease in NF-<B activity, 
but the induction was more pronounced in cells 
bearing the CARDIL mutants (Fig. 2A). In the 
BIAB human B cell fine, these mutants induced 
expression of NF-kB tanget genes, including 
CDS3, to a much greater degree than wikltype 
CARDIL, both with or without BCR stimulation 
SI, € to E), We expresed the CARDIL 
isoforms as fasion proteins with EGFP and mon- 
itored CDX3 expression asa function of CARDI 
expression by flow cytometry. The CD83 re- 
sponse to increasing expression of the CARD 
mutants was much steeper than observed! with 
wikltype CARDII (Fig. 2B and fig. SUP). Thus, 
at comparable protein levels, the CARDIL mu- 
tants were consistently more effective than wild- 
type CARDIL in activating NF-XB. 

‘To detenmine whether the CARDLT mutants 
functioned upstream of IKK in the NF-B path- 
\way, we measured IKK activity with the use of a 
B cell line expressing a ftsion protein between 
Photinus lweiferase and the IKK substrate IsBa, 
as describad (8, 18), Whereas wild-type CARD 
did not alter the IxBa-luciferase level, all CARDI 
mutants produced a tim 


the reporter, indicating IKK activation (E 
Mutants 3, 9a, 9ab, and 10 proxluced the strongest 
IKK activation, in accord with their greater abil 


ity to induce NF-XB in other cell lines. 

Wenext examined the subcellular localization 
pattems ofthe EGEP-CARD II isofoms expresed 
in BUAB cells by fluorescence microscopy. In 
unstimulated cells, wikbtype CARDIT was lo 


CARDIY 
linker 


Fig. 1. CARD11 mutations in DLBCL. (A) General domain structure of CARD11 and a schematic of the coiled- 
coil domains, showing the amino acids mutationally altered in DBLCL. Mutations from ABC DLBCLs (blue) and “y 
GCB DLBCLs (orange) are shown, Mutants 7 and 9 both cause two amino acid substitutions. Abbreviations for yee" 
amino acid residues: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, ile; K, Lys; L, Le 
P, Pro; Q, Ga R, Arg, Ser; T, Thr; V, Vat W, Trp: ¥, Tyr. (B) NF-xB target gene signature expression in ABC 


alized diffusely in the cytoplasm, whereas 
"ARDII mutants were concentrated in cytosolic 
aggregates (Fig. 2D). To quantify the aggregation 
of CARDIL mutants, we used a multispectral 
imaging flow cytometer that obtains a micro- 
scopic image of each flow-sorted cell (ig, S2, 
and B) (18, 19). Fewer than 3% of calls ex 
pressing wiklype CARDII had aggregates, 
Whereas 38 to 88% of the 
CARDIL mutants showed 
(fig. S2C). The degre of Y 
‘mutant correlated with its ability to spontancous- 
ly activate the NF-xB pathway, as judged by 
IxBa-luciferase reporter (P 
0.0059; ). The CARDIT mutant aggre- 
gates colocalized with total and phosphorylated 
IKK as well as MALTI, a signaling protein re- 
(quired for IKK activation by CARDI (20), but 
in cells with wikltype CARDI I, IKK and MALTI 
\were diflisely cytoplasmic (Hig. S2D). We con- 
clude that the CARDIT mutations confer a gain- 
‘of-imetion phenotype, which is characterized by 

onstitutive IKK activity, enhanced NF-<B 
sponse to exogenous stimulation, and a propen- 
sity to form cytoplasmic structures that colo«: 
With NF-xB signaling components. 

One ABC DLBCL cell line, OCT-Ly3, had a 
¢ mutated CARDIT allele (fig. $3), but three 
‘others HBL-1, U2932, and OCL-Ly 10) had wild 
type CARDIL alleles, all of which nonetheless 
depend on CARDIT for survival (8). We devised 
8 complementation experiment fo test whether 
OCKLy3 cells require mutated CARDI for 
survival, or whether wikltype CARDIT would 
ice. OCT-Ly3 cells were first engineered 10 
‘express the coding region for wild-type CARDIT 
‘or CARDII mutant 2 (derived from OCLLY3). 


DLBCL and GCB DLBCL cases with either wild-type (WT) or mutant CARD11. Means and SEs are shown. 
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‘These cells were then transduced with a shRNA 
targeting the CARDI/ 3'-untranstated region to 
knock down the expression of the endogenous 
CARDII gene but spare the exogenously intro- 
duced CARDII coding regions. Exogenous 
CARDI mutant 2 protected OCI-Ly3 cells from 
CARDI shRNA toxicity, but exogenous wild- 
type CARDII did not (Fig. 3A), Other CARDIT 
‘mutants that strongly activated NF-xB were able 
to escue OCILy3 from CARDI! shRNA tox- 
icity, but mutants with moderate ability to con- 
situtively activate NF-xB only partially rescued 
the cells. Conceivably these less active CARD 
‘mutants may have been selected to enhance the 
NF-xB response of the malignant clone to stimuli 
fiom the microenvironment or to other endoge- 
‘nous stimuli. Unlike the results seen for OCI-Ly3 
cells, wildtype CARDIT was able to rescue 
OCHLy10 cells from the tosicity of CARDIT 
shRNA, as could mutant CARDIL (Fig. 3B), 
These findings demonstrate that some ABC 
DLBCLs become addicted 10 the action of mu- 
tant CARDIT, whereas others have alternative 
mechanisms to activate wildtype CARDI that 
are not present (or ncedd) in ABC DLBCLs 
with mutated CARDI 

Our results firmly establish CARDIT ays a 
bona fide oncogene in DLBCL, Previous reports 
described the dependence of ABC DLBCLs on 
CARDII signaling to NF-xB (7,8), but they did 
‘not address whether this represents toni 
signaling (10, 17) or isa feature of the 
cell differentiation from which ABC DLBCLs 
derive. We have now shown thata subset of ABC 
DLBCLs acquire activating CARDIT mutations 
that induce NF-xB constitutively, providing ge- 
netic evidence that addiction 10 the CARDIL 
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Fig. 2. CARDIL coiled-coil mutants constitutively activate the NF-«8 pathway 
‘and enhance antigen receptor signaling to NF-xB. (A) Expression of wildtype 
CARD11 or CARD11 mutants in the Jurkat human T cell line JPMSO.6, which 
lacks endogenous CARD11 and harbors an NF-xB-driven expression EGFP 
reporter. Shown are EGFP levels in unstimulated cells (eft or in cells stimulated 
by cross-tinking with antibodies to CD3 and CD28 (right. (B) Linear regression 
analysis of EGFP-CARD11 levels (in decile bins) and CD83 expression in the 
GCB DLBCL cell line BJAB expressing either exogenous wild-type or mutant 
EEGFP-CARD1L isoforms. (C) Cel-based assay of IKK activation by exogenous 
CARD11 isoforms. The GCB DLBCL cel line OCI-Ly19 was engineered to express 
‘an IkBa-Photinus luciferase fusion protein, a control Renilla luciferase, and 


Colis with GFP-CARD11 aggrogatos 
%) 


Photinus \uciterase/Renilla luciferase ratios in doxycycline induced cels, nor 
‘malized to ratios in uninduced cells. A decrease in the ratio indicates increased 
‘degradation of the IxBur-Photinus uciterase reporter, atributable to increased 
IKK activity. (D) Aggregate formation by CARD11 coiled-coil domain mutants, 
‘Composit fluorescence photomicroscopy of BJAB cells expressing EGFP-tagged 
wild-type CARD11 or mutant 3, with 4 ,6”-diamidino-2-phenylindole nuclear 
‘counterstain (be); scale bar, 10 jum. (E) Correlation between CARD11 ag- 
‘gregate formation [as measured in (Ol and IKK activation, showing percent 
decrease in the IxBarluciferase reporter in OCF-Ly19 cells after 9 hours of 
doxycycline induction of wild-type or mutant CARD1L. A regression line rep= 
resenting the inverse correlation of the variables is shown (Pearson correlation 


doxycycline-inducible constructs for CARD 11 isoforms. Values represent IkBo~ coefficient = —0.69 0.0059). Ctrl., EGFP control. 
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para Fig. 3. CARD11 mutation is required for survival of the ABC DLBCL cell line OCI 
™ Ly3. (A) Mutant but not wild-type CARD11 rescues OCI-Ly3 cells from CARD11. 
‘00! shRNA toxicity (see text for details). (B) Both wild-type and mutant CARD11 rescue 
iow the ABC DLBCL cell line OCHLy10 from CARD11 shRNA toxicity. (C) Expression of 
‘cols. an isolated CARD11 coiled-coil domain kills ABC DLBCL cell lines with mutant 
(ecay2 60 ‘CARD11 (OCI-Ly3) or wild-type CARD 11 (OCI-Ly10), but not a GCB DLBCL cel 
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pathway isa phenotype that is positivel 
during evolution of these lymphomas. CARDIL 
mutations may allow the lymphoma cells to en- 
‘gage the NF-xB pathway in the absence of antigen 
reveptor signals. In this regand, itis notable that 
CARDIL coiled-coil domain mutants. were con- 
stitutively active in OCI-Ly19 and OCL-LY3 cells, 
both of which lack detectable PKC-B protein (ig 
S4) (21, which phosphorylates and activates 
CARD! during normal BCR signaling (22, 23), 
‘The fact that the CARDI mutations in ABC 
DLBCL are confined to the coiled-coil domain 
highlights the eentral importance of this domain 
in CARDI funetion, That the mutations. are 
activating suggests that the coiled-coil domain 
keeps CARDII in a latent state, which can be 
dstupted physiologically by antigen receptor sig- 
naling or pathologically by mutation, Several of 
the CARDIT mutations that we uncovered in- 
troduce helix-breaking profines, whereas others 
affect charged amino acids, which ean regulate 
the oligomerization of coiled-coil domains as part 
‘of “trigger sites” and can contribute to the sta- 
bility of coiled-coil interactions (24), These ob 
servations suggest that coiled-coil interactions 
may actually be a feature of inactive CARDI 
How might CARDII be attacked therapeu- 
tically? Expression of the isolated CARDIT 


coiled-coil domain was toxic 10 both OCLLy3 
and OCI-Ly10 cells, but not to the GCB DLBCL 
cell line BIAB (Fig 3C). This result shows that 
DLBCLs with activating mutations in CARDII 
are just as vulnerable to interference with coiled- 
coil function as those with wildtype CARD 
Together, our results provide a compelling genet- 
ie and functional rationale for the development 
‘of molecular inhibitors aimed at the coiled-coil 
domain of CARDIL, which could have activ 
in ABC DLBCL, the subtype of DLBCL that is 
least curable by our current therapies (25), 
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Drosophila Egg-Laying Site 
Selection as a System to Study Simple 
Decision-Making Processes 


Chung-hui Yang,* Priyanka Belawat,? Ernst Hafen,” Lily Y. Jan,” Yuh-Nung Jan™= 


The ability to select a better option from multiple acceptable ones is important for animals to 
‘optimize their resources. The mechanisms that underlie such decision-making processes are not 
well understood. We found that selection of egg-laying site in Drosophila melanogaster is a 
Suitable system to probe the neural circuit that governs simple decision-making processes. First, 
Drosophila females pursue active probing of the environment before depositing each egg, 
apparently to evaluate site quality for every egg. Second, Drosophila females can either accept or 
reject a sucrose-containing medium, depending on the context. Last, communication of the 
“acceptability” of the sucrose-containing medium as an egg-laying option to the reproductive 
system depends on the function of a group of insulin-like peptide 7 (ILP7)~producing neurons. 
These findings suggest that selection of egg-laying site involves a simple decision-making process 
‘and provide an entry point toward a systematic dissection of this process, 


ecision-making, in one view, is the 
process by which animals deliberate 
‘whether to invest in one action oF not by 
taking into account the values and costs associated 
\with available options. Selection of egu-laying site 
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bby Drosophila provikes a plausible system to in- 
vestigate such decision-making processes. F; 
‘production is costly: thus, the ability to weigh exe- 
laying options might have been selected to ensure 
better survival of offspring in an uncertain en- 
vironment. Drosophila females are known 10 be 
selective toward egg-laying sites and will withhold 
‘eges when there are no appropriate sites (J-6),Itis 
less clear, however, whether Drosophila females 
value a given ezg-Laying site differently according 
to the availability of other laying options. We 
‘examined the selection of an eae-laying site by 
individual Drosophila females, in an attempt 10 


find a genetically wactable system 10 study the 
molecular and cellular basis of simple decision- 
making processes. 

‘The first indications that egg-laying. site 
selection may employ a simple decision-based 
process emerged fiom our observations of fe 
males as they lay eggs. For consistent viewing of 
egg-laying events, we deprived females of exy- 
Jaying for 24 hours before placing them in a 
chamber filled with grape agar, an attra 
Jaying substrate (Fig. 1, A and B). By reviewing 
hundreds of egg-laying events, we found that 
immediately before each physical egy expulsion, 
females stereotypically bend the abxlomen down- 
ward until itis nearly perpendicular to the subs 
strate surface 10 extrude and insert the ovipositor 
into the substrate (Fig, 1C) before initiating 
series of back-and-forth movements to expel and 
insert a single egg into the substrate (Movie S1), 
This behavioral component always accompanies 
the physical deposition of an egg and typically 
lasts about 6 s (Fig. 11) on grape agar, We called 
this behavioral component the “ovipasitor motor 
program” because it is reminiscent of the “ovie 
Position motor program” of grasshopper exe 
laying (7). We next found two more behavioral 
‘components that regularly follow the ovipositor 
‘program: An animal always grooms its ovipos- 
itor with its hind legs (Fig. 1D and Movie S1) for 
a few seconds and then stays immobile for 
while as though it is esting (Fig. 11), Afler the 
clean and rest program” and before the initiation 
‘of the next ovipasitor program, the animals pre- 
sumably have the opportunity to locate an ap- 
[propriate site for the next egg (Fig. 1H). Indeed, 


SCIENCE VOL319 21 MARCH 2008 


1679 


| REPORTS 


1680 


1. The egg-laying behavioral sequence of Drosophila females. (A) 
The grape-agar chamber used for observing egg-laying behavior. (B) Top 
view of the chamber through the camcorder. (C) Animal performing the 
‘vipositor motor program. Note the downiard-bending of the abdomen. 
Red arrow, ovipostor. (D) Animal cleaning the ovipositor (red arrow) with 
its hind legs. (E) Animal probing the substrate with its proboscis (red 
arrow). (F and G) Animal probing the substrate with its ovipositor (red 
arrow). (H) Egg-laying temporal sequence. The physical deposition of an 
‘egg starts from “A” and continues to “B.” Between the end of "B” and the 
beginning of the next “A” is period “C,” in which animals are consistently 
seen displaying the probing actions described in [(B), (F), and (G)]. Ovi, 
ovipositor motor program. (W) Time spent on each of the programs 
described above, "A": 6.7 + 0,25 5; "B": 101 + 4.7 5,°C':113.2+18.95, 
For programs “A” and “B,” N = 50 egg-layings displayed by four 
‘animals from four chambers. For program “C,” N = 77 egg-layings 
displayed by four animals from four chambers, Error bars indicate SEM. A 
‘comparison of behaviors between CantonS and W118 is shown in fig. 
51. ()) Distribution of time spent on the searchlke program. N= 77 
individual egg-layings displayed by four animals from four chambers. 
Unless otherwise mentioned, all quantifications in this work were 
conducted by using Cantons animals or transgenic animals in Canton 
background, 


Fig. 2. Drosophila avoid laying eggs on media containing high levels of 
sucrose. (A to E) Representative outcomes of various two-choice tests. Single- 
female asay was used in (C), the rest were three-emale assays, S, sucrose; L, 
lobetine; , plain. The same designations will be used throughout the figure 
legend. (F) Animals extending their proboscis onto the sucrose medium 
(arrows) for foraging. (G) Preference index (Pt) of various two-choke 
Conditions (see supporting ontine material for derivation). N, NaCl: J, agar 
with 15% grape juice; h, agar with 45% grape juke. “Single” inate that 
single animals were used in this assay; no difference was found between 
Pl from single- versus three-female assay (P > 0,5, Mann-Whitney Test). 
Significant deviations from 0 were found forall conditions tested (P= 0.01 for 
UP, P< 0,0001 for the rest, Wilcoxon Signed Rank Test). All boxwhisker 
plots in this work display median, 25/75%, and 10/90% quartiles of each 
data set, The last entry shows that females prefer agar with less grape juice 
for egg-laying. The number of assays used and the mean Plare(29,-0.82), 
(26, -0.79), (10, -0.89), (34, -0.27), (50, -0.83), and (34, ~0.62). (H) Females 
avoid sucrose medium les a its concentration drops in the sucrose versus 
plain two-choice assays and even showed a slight preference atthe 0.5 mit 
setting (P = 0.0116, Wilcoxon Signed Rank Test). No significant avoidance 
‘ean be found at 1 mM (P = 0.095, Wilcoxon Signed Rank Test) The rest of 
the entries all show significant avoidance of sucrose medium (P< 
(0.0001, Wilcoxon Signed Rank Test). The number of assays used and the 
mean Pl are (49, 0.18), (34, 0.102), (36, 0.33), (34, -0.56), (34, -0.83), and 
(G5, -0.90).{) For each egg deposited on the lobetine medium in two-choice 
‘chambers, animals pay 1.51 + 0.17 and 1.61 + 0.15 respective previous visits 
to each substrate. N= 185 egg-depositions by eight females. (J and K) 
Hyperpolarizing GrSa neurons decreases egg-laying bias against the sucrose- 
containing medium. The difference between animals carrying Gr5a-GAL4 with 
‘or without UAS-Kir2.1 is significant (Mann-Whitney Test). Number of assays 
used and mean Pl are (38, ~0.52), 40, -0.79), (42, -0.09). "P< 0.001. 
The exact cause\s) forthe reduction of Pl of GrSa-GAL4+ animals is unclear; 
however, these animals contain two insertions of GrSa-GAL4 transgenes so an 
‘ess of GAL4 proteins in these neurons alone could potentially contribute 
somewhat to reduction of neuronal function. 
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despite being placed in a relatively attractive 
_grape-agar environment the animals in virwally 
all cases display a “searchlike” behavior by walk~ 
ing around and probing the substrates with their 
proboscis and ovipositor (Fig. 1, E to G, and 
Movie SI). Because the proboscis, legs. and 
‘ovipositor all contain sensory receptors (8), this 


nes cach by 10 animals), we detected the 
searchlike behavior preceding the ovipositor 


program (Fig. 1J), although its duration varied 
Thus, Drosophila females deposit their exes one 
always follow the eyele of 
ind clean and rest, with the 
searchlike program lasting from a few seconds 
to several minutes (Fig. 1), whereas the other 
programs remain relatively constant in duration 
(Fig. Hand fig. SI). 

‘We next examined what the females seck by 
presenting them with different egg-laying options 
in the behavioral chamber, We placed in the 
chamber sweet (sucrose-containing) and a bitter 
(lobetine-containing) (9%) soft agarose medium 
separated by a region of hard agarose that deters 
‘egg-laying and prevents simultancous detection 


‘of the two soft media. Unexpectedly, animals con- 
sistent laid more eggs on the lobeline side of the 
chamber (Fig.2, A to C and G, and fig. $2). This 
bias against sucrose medium was not caused by 
intrinsic attraction to the Jobeline medium for 
egg-laying, however, because animals tended 10 
avoid lobeline when the ether option was a plain 
medium (Fig 2, E and G), consistent with pre- 
vious findings on quinine avoidance in ege- 
laying (/0), Furthermore, females avoided laying 
125 on the sucrose-containing medium in our 
chambers no matter whether the altemative was 
Jobefine-containing, plain, ora substrate contain- 
ing sodium chloride at the same concentration as 
the sucrose (Fig. 2. A to D and G). 

To determine whether females actually en- 
countered both options before laying an eae on 
the lobeline medium, we next tracked individual 
animals for 2 hours and found that for cach exe 
deposited on the lobeline side, the animals had 
paid an average of 1.5 previous visits 10 the 
sucrose option (Fig. 21. Animals often probed 
the sucrose substrate actively but rarely activated 
the ovipasitor program while they were still in 
‘contact with this medium (Movie S2 in contrast, 
activation of the ovipasitor program was fre- 
«quently scen when the animals were probing the 
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Thus, lack of sub- 
stantial egg-laying on the sucrose medium is not 
due to animals’ not making regular contacts with 
this medium. General repulsion to the suetos 
containing medium in our chamber is not the 
‘cause cither—animals were offen seen activ 
feeding on the sucrose medium by extending 
their proboscis onto it (Fig. 2F and Mo 
Moreover, the avoidance of egstayi 
sucrose medium (when it 
‘one) is concentration dependent 
can even tum into mild attraction as the con- 
centration of sucrose decreases (Fi, 2H), 

‘The reliance on neuronal activities of the 
sweet taste receptor (GirSa) neurons (/1) is € 
dent in the experiments employing the G. 
UAS method 10 express in these GrSe-expressing 
‘neurons a hyperpolarizing Kir21 potassium chan 
nicl (/2), This manipulation significantly inereased 
egg-laying on the suerose-<containing. medium 
(Fig. 2, J and K), which suggests that sucrose 
deiection through the GrSa neurons is important 
forthe low egg-laying on this medium in the two 
choice chamber. 

To detenmine whether the desirability, or 
“value,” of the sicrose-containing medium for 
egg-laying might change according t0 conte 


Fig. 3. Avoidance of sucrose-containing medium is context- — . 
‘dependent. (A to €) Comparable numbers of eggs were Lid in 

the two single-choice Gucrse versus lbeline) chambers, P > 

0.5, Mann-Whitney Test. Number of assays used and sample 

means are (39, 67.6) and (38, 67.6). (0 and E)Paitng the same 

sucrose medium (100 mt, $) with different options alters the 

number of eggs deposited on (D) and the Pl against this medium s L 
(€),25, 200 mM sucrose, Assay number and sample mean for (0) 

are (28, 73), (35, 4.9), (39, 33.26), and (36, 40.89). For (6), 
(29, -0.82), (35, -0.82), (39, -.00), G6, 037). “*P < 
10,0001, **P <0.005, Mann-Whitney Test. (F) Comparison of the 
PI shows that animals avoided the sucrose-containing medium 
less when distance between the sucrose and lobeline media 
increased. Single females were used. White bars, without food 
deprivation; gray bars, 24-hour food deprivation before 
‘experiments In both treatments, there were significant differ- 
fences between 1X and 3X and between 3X and 10X. Food 
deprivation di not significantly impact P for ll three distances 
tested. Assay number and mean Pl are: (52, -0.84), (23, -0.84), Lae 
(47, -05), (55, ~0.46), (1, -0.002), and (5, -0.08). *P < 

0.005, ***P < 0,001, Mann-Whitney Test. (G) Exposure assay ° 
set-up. Animals were placed in two-choice “exposure” chambers 
for 1 hour before being transferred into sucrose-only or 
lobeline-only single-choice chambers. (H) Despite robust 
preference for labetine medium in the exposure chambers (51 
versus LL), the difference in egg numbers between the two 
single-choice chambers [52(a+b) versus L2(asb)] is less, 
although stil significant. Number of assays used and the sample 
means are (69, 2.15), (69, 25.54), (34, 30.09), and (35, 36.16). 
*P = 0.05, ***P < 0.0001, Mann-Whitney Test. 
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We examined egu-laying in single-choice cham- 
bers that contain either only the suerose-containing 
medium or only th 12 medium, 
Interestingly, females lay comparable numbers of 
ig .A 
to C); thus, in the absence of other options, fe 
rnalles readily accept the sucrose-conta 
dium for egg-laying, Furthermore, the same 
wg medium can even become & 
preferred option for egg-laying if itis paired with 
4 more repulsive medium that contains twice the 
amount of sucrose (Fig. 3, D and E). 

To explore futher how context aflects the 
valuation of suerose medium, we varied the phys: 
ical separation between the sucrose- and lobeline- 
containing media in the two-choice chamber. We 
found that when the distance between the two 
choices was increased by a factor of 3 10 10, ex 
laying on the sucrose medium progressively in- 
creased (Fig, 3F), and some of the individual 
animals tested actually laid more eges on the 
suctose-containing medium than on the lobeline 
medium (Fig, 3F), This result suggests that the 
preference of sucrose medium over lobetine is not 
absolute and that animals can weigh the “esi 
ability sites versus the “efit 
takes to lo in making the 


sucrose-contai 


of ¢ 


them decisions, 


Interestingly, this distance-dlependent response 


Fig. 4. Adequate level of ILP7 is important for normal egg- 
laying and proper bias in egg-laying site selection. (A to C) ILP7 
antibody staining in adults. (A) ILP7-neurons send projection 
into S06 (red arrow) in the brain. (B)ILP7 is present in very few 
cells (blue bracket), with distinctive projection in the thoracic 
Segments in ventral nerve cord (red arrow). (C) 1LP7 is also 
present on the female internal reproductive trac. (D and 
Specificity of ILP7 antibodies was confirmed by the reduced 
signal in animals that overexpress an ILP7-RNAi construct (E). 
(0) Staining control. (F to H) ILP7-GAL4 specificity was con- 
firmed by the colocalization of signals from ILP7 staining (F) 

aFP expressed by ILP7-GAL4 (G) in the same 
cells (H) () Reducing neuronal function of LP7-neurons through 
{Kir2.1 overexpression causes a loss of ovipositor program. For 
the two control groups, number of eggs laid was used to sub- 
stitute for the number of ovipositor program. The number of 
assays and the sample means are (20, 59.7), (20, 67.2), and 
(20, 0). ****P < 0.0001, Mann-Whitney Test. ()) As 
cartying an HSCILP7 construct or overexpressing UAS-ILP7 by 
ILP7-GAL4 avoided sucrose medium significantly less than con- 
trol animals in sucrose versus lobeline two-choice assays. Num- 
ber of assays used and sample means ae (21, 0.87), 23, ~05)), 
(15, -0.73), (20, ~0.86), and (20, -0.11). ***P <0.0001, 
‘Mann-Whitney Test. H5-ILP7 animals that were raised at 18°C 
show comparable sucrose avoidance to control animals in su- 
rose versus plain two-choice assays (P > 0.5, Mann-Whitney 
Test), Number of assays used and sample means are (14, ~0.88) 


and UAS-nuclear- 


versus (4,-0.9), 
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exting that egg-laying and fora 
tive tasks with distinctive substrate preferences. 
‘Sequential placement of the same animals frst 
in a two-choice chamber and then im a sucrose 
medium-only single-choice chamber (Fig. 3G) 
revealed speady recovery of e: 
‘on the sucrose-contain 
suggesting that the substrate evaluation process is 
efficient and perfonned predominantly of an 
(search by search) basis. However, com. 
pared with the number of eges deposited in a 
Tobeline medium only chamber, there were fewer 
sgus in the sucrose medium-only chamber (S2 
versus L2, Fig. 311), whereas no difference was 
observed when naive flies were introduced to the 
single-choice chambers (Fig. 3C): it thus appears 
that previous experience may exert some inf 
laying decisions, Tal 
t that Drosophila 
some neural process that assigns “acceptability 
or “valuc™ to a given egg-laying substrate by 
taking readily into acco 
‘other options, Such “Val! 
the motor output systems to decode whether 
particular option is appropriate to trigger the 
physica 


laying action in the given context. 


‘To begin discerning the neural circuitry that 
ite selection, we first sought 
neurons that regulate th 
te as they might be et 


“value system’ to control egy-lay 
substrate, Neurons that express an insulin-like 
neuropeptide, ILP7, ane of interest because ILP7 
shares some homology with Relaxi 
tant reproductive hormone 
Our antibodies revealed that ILP7 is present in 
only very few cells inthe larval and 
nervous system (Fig. 4, A 


aan impor- 
ls (13, 14), 


with some cells sending projections to the sub- 
I ganglion (SOG) and distinct positions 
nerve cond (Fig. 4, B), which are 


‘male internal reproductive n also be found 
(Fig. 4C), in support of the notion that ILP7 may 
c Drosophila Relaxin, Interestingly, many of 
the JLP7-neurons are also positive tor fruitless 
expression in adult males (fig, $7), This result 
suggests a potential rale of these neurons in male 
reproductive behavior, because fruitexs has been 
shown to be a master regulator of male courtship 
behavior in Drosophila (15), 

Wenest ervated an 1.P7-GALA to specitically 
rons’ function (Fig. 4, Fto H, and 


als 
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fig. S4), Using the GAL-UAS approach, we 
found that females with hyperpolarized LP” 
neurons showed no discemable developmental 
defects but displayed virtually no ovipositor mo- 
lor programs and are thus sterile (Fig. 41. To 
distinguish between the possibility that JLP7- 
neurons are required merely for housekeeping 
processes to push the egg through the intemal 
reproductive tract {which could account for the 
fully penctrant egg-jamming phenotype due to 
silencing /LP7-neurons (fig. $5) and the possi- 
bility that .P7-neurons abo participate in convey 
ing the “acceptability” of potential laying options 
to the reproductive system (e., the reproductive 
tract and the ovipositor motor program), we ex- 
amined the fleet of elevated /LP7 level-in ILP7. 
neurons or ubiquitously—on egg-laying cho 
(Fig. J and fig, $6). In both eases, the eevation 
of ILP7 level caused the animals to be more 
receptive to laying eggs on the sucrose medium 
in the “regular” two-choice chambers (Fig. 40). 
These results are consistent with the idea that 
ILP7 might participate in the relay of the ap- 
Propriateness of a given option to the reproduc- 
tive systems to execute egg-laying on that option, 

Drosophila females can accept oF avoid 3 


tsiven sucrose-containing medium for egg-laying 
depending on context, Whereas such context- 
dependent avoidance of high-sucrose medium 


shows litle discemable advantage in the labora 
tory setting embryo hatching rate on sucrose- 
containing and lobeline-containing media are 
‘comparable (fig $3)}. it coukd have been selected 
by virtue of predation avoidance and larval dietary 


balance (protein carbohydrate ratio). Our finding 
that Drosophila employs a simple decision-making 
process in selecting eze-laying sites raises the 
possibilty that the fiuit fly has the capacity 10 
‘compare and assess available options by performing 
integrations and amplifications in its nervous sys- 
tem. Dopamine and octopamine are both candi- 
dates for madiating such amplification integration 
processes: The former is important for decision- 
making in primates and flies (76-18) and is used 
to signal the unconditional stimulus of “punish- 
iment” during Isaming tasks in Drosophila (19, 20); 
the latter is a reinforcing signal for appcttive 
conditioning in both Drasophila xd honeybees 
(19-21) and an important regulator of egz-laying 
Drosophila (22), tn addition, our work suzgests 
thatthe /L.P7-expressing neurons are important for 
Proper execution of egu-laying decisions, thus 
‘providing an additional anatomical and mokular 
ceniry point into disecting the decision-making 
rooesses during eag-laying site selection. 
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Protein Synthesis and 
Neurotrophin-Dependent Structural 
Plasticity of Single Dendritic Spines 


Jun-ichi Tanaka,??* Yoshihiro Horiike,2* Masanori Matsuzaki,’ Takashi Miyazaki??? 


Graham C. R. Ellis-Davies,® Haruo Kasai??? 


Long-term potentiation (LTP) at glutamatergic synapses is considered to underlie learning and 
memory and is associated with the enlargement of dendritic spines. Because the consolidation of 
memory and LTP require protein synthesis, itis important to clarify how protein synthesis affects 
spine enlargement. In rat brain slices, the repetitive pairing of postsynaptic spikes and two-photon 
uncaging of glutamate at single spines (a spike-timing protocol) produced both immediate and 


‘gradual phases of 


enlargement in CA1 pyramidal neurons. The gradual enlargement was 


strongly dependent on protein synthesis and brain-derived neurotrophic factor (BDNF) action, 
often associated with spine twitching, and was induced specifically at the spines that were 
immediately enlarged by the synaptic stimulation. Thus, this spike-timing protocol is an efficient 
trigger for BDNF secretion and induces protein synthesis-dependent long-term enlargement at the 


level of single spines. 


the consolidation of memory and long- 

| term potentiation (LTP) require protein 
synthesis (J, 2). Therefore, itis important 

to clarify whether protein synthesis ean regulate 
synaptic plasticity atthe level ofa single synapse 
and how it aflects synaptic structure. The spine 


www.sciencemag.org 


enlargement associated with LTP can be im- 
mediately induced by intensive stimulation of 
postsynaptic -methyl-p-aspartate (NMDA) 
sensitive glutamate receptors (the conventional 
protocol) in CAI pyramidal neurons (3-5). This 
spine enlargement can be induced even in the 


absence of postsynaptic 
synaptic stimulation is closely followed in time 
bby postsynaptic spikes (a spike-timing protocol), 
amore robust form of LTP is induced that plays 
an important role in the development and lean 


‘we examined the sinic 
spines induced by the stimulation of single 
spines, using two-photon uncaging of glatamate 
(7) in the absence or presence of postsynaptic 
spikes in CAI pyramidal neurons (uncaging is 
photorelease from a biologically inert precursor), 

CAL pyramidal neurons in slice culture were 
subjected to whole-cell perfusion with a solution 
‘containing the fluorescent dye Aewa504 (50 jtM) 
and fisetin (S wM) (8), The later protein was 
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spikes (3), although if 
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Fig. 1. Spine-head enlargement induced by uncaging of A B 

‘glutamate with or without the application of postsynaptic 3m rin 21 min ot in ee 
spikes for single identified spines of CA pyramidal neurons eal! 

in hippocampal sice culture. (A and E) Time-lapse integrated z ' 

(@-stack) images of spines stimulated at time O by uncaging plus kd 

‘spikes in the absence (A) or presence (E) of anisomycin. Arrows Ps pa r 
indicate spots of two-photon uncaging of MN-glutamates open Ew) 
symbols indicate neighboring spines. (B and F) Time courses of Tine (min) 
changes in AV for the stimulated (soli symbols) and neigh © Uncaging plus spikes 

bering open symbols spines shown nA and (©, respectively. zon & Negrootra wanes On, Seana 

ee eee ee eee ; =) shageere 

stimulated by uncaging plus (O or without (D) spikes inthe  _ "8° i = ' 

absence (solid circles) or presence (solid squares) of APS. Open £100. H E100: 

Circles represent data from neighboring spines in the absence > go. ¥ = 0. 

‘of APS (open circles). Uncaging without spikes was performed es 3 

in a Mg’*-free solution. Data are means + SEM (n = 10 to 27 by 3 an i 

spines). The control trace shown in (C) and (G) was the average 0. i _ $ 

of 27 experiments performed inthe same batches of sie prep- eo oS ee 
arations used for the test experiments. (G and H) Averaged time iF i ieagia sine: 
courses of changes in spine-head volume for spines stimulated 4 min Emin 21min 61 min frre das 

bby uncaging plus (@) or without (H) in the absence (circles) o 150) © Neighboring spines 


or presence of anisomycin (red squares) or cycloheximide (green 
triangles). Data are means + SEM (n = 7 to 27 spines), 


Fig. 2. Spinerneck plasticity induced by glutamate uncaging plus or 
without postsynaptic spikes. (A and B) Images of spines before (lef) and 
after (right) uncaging of MNI-glutamate with (A) or without (B) spikes. 
‘Artows indicate the spine necks. (C) Changes in spine length induced 
either by uncaging plus spikes in the absence (black circles) or presence 
(red squares) of anisomycin or by uncaging without spikes (blue circles). 
*P< 0.05, **P < 0.01 (Mann-Whitney U test). (D) Correlation between 
the increases in spine-neck fluorescence intensity and AV, induced by 
tuncaging plus (black circles; Spearman's correlation coefficient = 0.37, 
P =0.013) or without (blue circles, P = 0.16) spikes. Data correspond to 
the increases observed at the time of maximal spine-head enlargement. 
(E and F) Time courses of changes in spine-neck fluorescence intensity 
for spines stimulated by uncaging plus (E) or without (F) spikes in the 
absence or presence of anisomycin. Data are means + SEM (n = 10 to 41 
spines). 
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included because we found that it delayed the 
washout of plasticity (3) (fig. St and supporting 
online text), We detected marked (>S0%) in- 
creases in spine-head volume (AV y) in most 
(37 of 41) small spines stimulated by repetitive 
(80 times at 1 Hz) uncaging of 4-methoxy-7- 
nitroindofiny (MIND glutamate pained with post- 
‘synaptic spikes within 20 ms (spike-timing protocol 
‘or uncaging plus spikes) (Fig. 1, A to C). Spine 
enlargement was not induced by repetitive 
#lutamate uncaging (1.6 = 6.6%, = 9 spines, 


A © Uncaging plus spikes 
© K262a 


20 
‘Time (min) 


40 60 


6 Anti-TKB: 


in the presence of Mg") or spike application 
alone (-3.0 = 2.6%, m= 54). It was abo not 
induced when spikes were triggered >50 ms fier 
uncaging (3.9 = 34% n ~ 10). Spine enlarge- 
‘ment was restricted to stimulated spines: it did 
‘not spread to neighboring spines (Fig. 1, A to C). 
The NMDA receptor blocker o{-}2-amino-S- 
phosphonopentanoic acid (APS, 504M) pre- 
enlargement induced by uncaging 
) (Fig. 1C),as well as conven- 
tional enlargement (3) induced by uncaging 


B © Uncaging without spikes: 
© K252a 


ee 
POPP SH 


"POPE LF 


Fig. 3. Dependence of the gradual long-term enlargement of spine heads on BDNF-TrkB signaling. 
(A to F) Effects of inhibitors of BONF-TrkB signaling, including K252a [(A) and (B}), an antibody to 


TrkB [(©) and (D)], and TrkB-Fc {(E) and (F)] on the 


ie course of spine-head enlargement induced 


by glutamate uncaging plus [(A), (), and (E)] or without [(B), (D), and (F)] postsynaptic spikes. The 
control traces are the average of 14 and 20 experiments for uncaging plus and without spikes, 
respectively, performed in the same batches of slice preparations used for the test experiments. 
(G and H) Mean enlargement of spine heads measured 40 to 60 min after the onset of uncaging plus 
(G) or without (H) spikes in the absence (control) or presence of inhibitors of protein synthesis or 
BONF-TrkB signaling. All data are means + SEM (n = 8 to 20 spines). **"P < 0.001 versus 
corresponding control value (Mann-Whitney U test). NS, not significant. 
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without spikes in a Mg’-fee solution (Fig. 1D) 
(8), Subsequent experiments were performed 
with small spines (V4 < 0.1 wm?) most (95%) 
of which underwent enlargement in response 10 
‘uncaging plus spikes (fig. S2). The enlargem 
vas associated with an increase in postsynaptic 
glutamate sensitivity (fig. $3, A D), 

We found critical differences between spine 
enlargement induced by uncaging plus spikes 
‘and that induced by uncaging without spikes 
(Figs. 1 10 3), First, the former protocol induced a 
secondary Jong-term phase (Fig. 1, B and C), 
unlike the later one (Fig. 1D). The total Via 
apparent after 60-min recording period was 
132 = 22% (a = 27) (Fig, 1C) for uncaging plus 
spikes as comparcd with only 45,7 = 96% for 
‘uncaging without spikes (n = 20) (Fig, 1D), A. 
‘similar difference was apparent in the increases 
the amplitwle of glutamate-induced curr 
‘evoked at the spines, which were 162 
(= 12) (fig, S3B) and 36 = 7% (1 = 9) for 
‘uncaging plus or without (3) spikes, respectively, 
‘The larger ng-term enlargement was not simply 
ascribed to the strength of stimulation, because: 
the immediate enlangement produced by uncag- 
ing plus spikes (67,5 = 11.2%, mean * SEM) 
(Fig. 1C) was smaller than that induced by un 


caging without spikes (3) (924 © 10.7% P< 
0.01) (Fig. 1D), 
‘The gradual long-term phase of spine-head 


enlargement was entirely dependent on pro 
synthesis. Pretreatment of hippocampal slic 
\with the protein synthesis inhibitors anisomy, 
(1 = 10 spines) or eyeloheximide (1 8) abol- 
ished this secondary phase (Fig. 1, E 10G) with- 
‘out substantially alleeting the immediate phase 
(Fig. 1, F and G), Anisomycin also blocked the 
yack long-term inerease in the sizeof ghutarate- 
‘induced currents atthe stimulated spines (fig S3, 
Eand F), In contrast, spine enlargement elicited 
bby uncaging without spikes was unaffected by 
anisomycin (v= 11) (Fig. 1H and fig, $4, Cand 
D) or cycloheximide (n= 7). This was the ease 
even when the number of repetitive stimulation 
‘was father inereased (up t0 80 times. = 18) 
Uncaging plus spikes ofien induced. short- 
ning of the spine length, or spine twitching 
(Figs. 1A and 2A). Apparent shortening of spines 


was detected in 23 out of 41 spines (mean = 9.9 
4) (Fig. 2C), and in the remaining spines, it 
appeared to be canceled out by the enlargement 


of the spine heads. In contrast, spine twitching 
was rarely (2 out of 20) induced by uneaging 
Without spikes (Fig. 2B and fig. S4A); rather, 
sich spines often elongated as a result of spine- 
fhcad enlargement (6.7 = 4.9%) (Fig. 2C). To 
examine the spine-neck plasticity and its time 
course, we measured the Muorescence intensity of | 
the spine neck (8), because it was difficult to 
delineate the spine-neck unambiguously, par- 
ticularly when spines. twitched. We detected 
pronounced increases in spine-neck fluorescence 
produced by uncaging plus spikes (128 = 19%, 
mean = SEM, = 41) (Fig. 2D), but far less 
Muorescence was produced by uncaging without 
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spikes (43 = 12%, n= 20). The increase in spine- 
neck fluorescence was not correlated with that 
in AVy in uncaging without spikes (Fig. 2D), 
indicating that the increase in spine-neck fluo- 
rescence did not simply represent spine-head 
‘enlargement, The inerease in spine-neck fluores- 
cence occurred gradually in parallel with spine- 
head enlargement (Figs. 1A and 2E) and was 
inhibited by anisomycin (Figs, 1E and 2E), as 
was spine twitching (2.0 = 19%) (Fig. 2C) In 
contrast, the smaller increase in neck fluores- 
induced by uncaging without spikes was 
unaffected by anisomyein (Fig. 2F). The spine 
twitching may involve the spine apparatus (9) 
and translation machinery in the spine necks 
(0, 11) for protein synthesis-dependent spine- 
head enlargement. 

A late phase of LTP has been shown to 
require BDNF (12-14), although the nature of 
this requirement varies depending on the induc 
tion protocol (/5- 8), Wer therefore investigated 
Whether BDNF might play a role in the gradual 


BONF (20 ) 
eee 


1 Uncaging witout open 
1 EON Anson 


long-term spine enlangement induced by uncaging 
plus spikes K252a (200 nM), a tyrosine kinase 
inhibitor that blocks BDNF-TrkB signaling, 
abolishad long-term enlargement of spine heads 
13) (Fig. 3. A and G), whereas it had no 
cton the immediate enlargement induced by 
tuncaging plus spikes (Fig. 3) or without spikes 
(n= 13) (Fig. 3, B and H). The fong-term en- 
Jangement of spine heads was also blocked by ant 
antibody to TB (7 = 9) ( 
Wheras the same antibody did not affect the 
immediate enlargement induced by uncaging 
plus spikes (Fig. 3C) or without spikes (m= 8) 
(Fig. 3, Dand Hl), Activation of THKB induced by 
uuncaging plus spikes was dependent on the so- 
cretion of BDNF. given that the long-term en- 
Jangement of spine heads was also abolished by 
TrkB-Fe fasion protein that acts as a scavenger of 
BDNF (7 ~ 10) (Fig. 3. E and G). Again, the 

nmediate spine-head enlargement induced by 
Uuncaging without spikes was langely unaffected 


by the scavenger (n = 10) (Fig. 3, F and MH). 
8 BONF (20 ng/ml) 


20 0 20 40 


Time (min) 


60 


Fig. 4. Effects of exogenous BONF on spine plas- 
ticity. (A and B) Effects of BDNF (blue bar) on Vi 
(A) and whole-cell current (B) in the absence of 
stimulation. Data in (A) represent Vj relative to 
time O and are means + SD (n = 30 spines). (C) Time 
lapse z-stack images of a spine stimulated by gluta- 
mate uncaging without spikes in the presence of 
BDNF. The arrow indicates the spot of two-photon 
tuncaging of MN-glutamate. (D) Time courses of Ay 
for spines stimulated by uncaging without spikes in 
the absence (black circles) or presence of BDNF 


either alone (olid blue squares) or together with anisomycin (red squares). The effect of BDNF on neigh- 
boring spines (open blue squares) was also determined. Data are means + SEM (7 = 11 to 20 spines). 
(E) Spine-head enlargement induced by uncaging without spikes in the absence or presence of BDNF 
during the indicated time periods after the offset of synaptic stimulation (0 min). Data are means + SEM 


t 


10 to 20 spines) 


*P-<0.05 versus control value (Mann-Whitney U tes. (F) Spine-head enlargement 


induced by uncaging plus spikes in the absence or presence of exogenous BDNF and anisomycin as in (D). 
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Moreover, the increase in spine-neck fluores: 
cence induced by uncaging plus spikes. was 
abolished by K252a, the antibody’ to TikB. of 
‘TrkB-Fe (fig. $5). The gradual long-term plas- 
icity of spine structures was thus strongly de- 
pendent on the endogenous secretion of BDNF, 
and postsynaptic spikes were required for the 
secretion. 

Finally, we examined whether exogenous 
BDNF might be able w replace postsynaptic 
spikes in the induction of pro 
dependent spine-head enlarge 
tion of a low concentration (20 ng/ml) of BDNI 
did not by itself induce spine-head en 
(n= 30) (Fig, 4A) or inward currents (0.5 = 1.2 pA, 
n= 5) (Fig. 4B) (/9, 20). However, uncaging 
without spikes in the presence of BDNF (20 ng/ml) 
resulted in marked enhancement in the long-term 
phase of spine-head enlargement (n= 16) as 
compared with that observed in the absence of 
BDNF (» = 20) (Fig. 4, C and D, and supporting 
‘online text), BDNF also induced gradual in- 
ereases in spine-neck fMuorescence (110 = 21%, 
P< 0.05) (Fig, 4C), The effect of BDNF was 
selective for stimulated spines, was not observed 
for neighboring spines (n= 16) (Fig. 4D), and 
‘was blocked by anisomycin (n = 11) (Fi 
BDNF thus induced additional: spine-he 
Jangement that was dependent on protein synthe- 
sis and specific 10 stimulated spines, BDNF 
‘could induce spine-head enlargement even when 
applied 0.5 min (n © 17) after the offset of stim 
‘lation, but it did not do so when applied 10 min 
afier stimulation (v= 10) (Fig, 4E), Exogenous 
BDNF did not further augment the spine-head 
enlargement induced by uncaging plus spikes 
(n= 6) (Fig. 4F), suggesting that a sufficient 
amount of BDNF was release in response 10 
synaptic stimulation paired with postsynaptic 
spikes. The spine-head enlargement induced by 
uncaging plus spikes was blocked by anisomycin 
‘even in the presence of BDNF (n = 9) (Fig. 4F), 
indicating that protcin synthesis is required for 
the action of BDNF. 

We have shown that synaptic stimulation 
paired with postsynaptic spikes induces a gradual 
Jong-term enlargement of spine heads that 
‘mediated by BDNF and dependent on protein 
ithesis (fig. $7). In contrast, synaptic stimula- 
tion alone was not sufficient o trigger BDNF 
scerction (fig, $7), even though it induces 
‘marked increase in the intracellular calcium con- 
centration {{Ca?* i} ©10 WM) of spines. via 
NMDA receptors (2/). Because BDNF secre- 
tion is not induced by a I-Hz spike train alone 
war data suggest that the secretion of this, 
neurotrophin is responsive to the synchrony of 
synaptic input and postsynaptic spikes. Given 
that such synchronous events result in only 
short-lasting influx of Ca** through NMDA 
receptors during cach spike (<2 4M) (24, 25), 
postsynaptic spikes must play the key roe inthe 
sis of BDNF; for cxample, involving 
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finely regulated by corelated activities in a 
neuronal network and may consolidate nearby 
stimulated synapses by autocrine of paracrine 
mechanisms. BDNF action was selective on the 
spines that showed immediate enlargement, 
Which may act as the structural tag for selective 
trapping (26) of the protein-synthetic machinery 
(1, 27) and the capture of plasticity proteins 
(2, 24) for long-term spinc-head enlargement 
‘Thus, BDNF acts as an associative messenger for 
the consolidation of synaptic plasticity, and the 
protein-synthetic process can regulate dendritic 
structures at the level of singke spines. 
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Spending Money on Others 
Promotes Happiness 


Elizabeth W, Dunn,?* Lara B, Aknin,* Michael |, Norton” 


‘Although much research has examined the effect of income on happiness, we suggest that 
how people spend their money may be at least as important as how much money they earn. 
‘Specifically, we hypothesized that spending money on other people may have a more positive 
impact on happiness than spending money on oneself. Providing converging evidence for this 
hypothesis, we found that spending more of one’s income on others predicted greater 
happiness both cross-sectionally (in a nationally representative survey study) and longitudinally 
(in a field study of windfall spending). Finally, participants who were randomly assigned to 
spend money on others experienced greater happiness than those assigned to spend money 


‘on themselves. 


Cc money buy happiness? A lange body 
of crossesectional survey research has 
‘demonstrated that income has a reliable, 
but surprisingly weak, effect on happiness within 
nations (3). particularly once basic needs are 
met (4), Indced, although real incomes have 
surged dramatically in recent decades, happiness 
levels have remained largely fat within devel- 
‘oped countries across time (5), One of the mast 
ntriguing explanations for this counterintuitive 
finding is that people often pour their increased 
\wealth into pursuits that provide litle in the way 
Cf lasting happiness, such as purchasing costly 
‘consumer goods (6). An emenging challenge, then, 
is to identify whether and how disposable income 
might be used to increase happiness. 

Ironically the potential for money to inerease 


happiness may be subverted by the kinds of 
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choices that thinking about money promotes; the 
mre thought of having money makes people less 
likely to help acquaintances, to donate to charity, 
‘or to choose to spend time with others (7), pre 
cisely the kinds of behaviors that are strongly 
associated with happiness (8-12). At the same 
time. although thinking about money may drive 
‘people away from prosocial behavior, money can 
also provide a powerful vehicle for accomplish- 
ing such prosocial goals. We suggest that using 
‘money in this fashion — investing income in others 
rather than oneself—may have measurable bene- 
fits for one's own happiness. 

Asan initial test of the relation between spend- 
ing choices and happiness, we asked a nationally 
representative sample of 632 Americans ($5% 
female) to rate their gencral happiness, 10 report 
their annual income, and to estimate how much 
they spent in a typical month on) bills and 
expenses, (ii) gifts for themselves, (ii) gifts for 
others, and (iv) donations to charity (/3). The 
first two categories were summed to create an 
index of pesomnl spending [mean (\M)=S1713.91, 
SD = 1895.65], and the ltter two categories wore 


summed to create an index of prosocial spending 
(M $145.96, SD = 306.06), Entering the per- 
sonal and prosocal spending ince simulans 
ly into a regression predicting general happiness 
revealed that personal spending was unrelated to 
happiness (standardized regression coetlicient 

0.02, but higher prosocial spending 
associated with significantly greater 
(B= 0.11, P< 0.01), When we included 
in this regression, we found that the eflects of 
income (8 = 0.11, P< 0.01) and prosocial 
spending (B = 0.10, P< 0,03) were independent 
‘and similar in magnitude, whereas personal 
spending remained unrelated to happiness (B 

0.04, NS). Although the correlational nature 
of this design precludes causal inferences, this 
study provides initial evidence that how people 
spend their money may be as important for their 
happiness as how much money they earn and 
that spending money on others might represent a 
more eflictive route to happiness than spending 
money on oneself (3). 

IF this imcspretation is cormect then people 
‘who receivean economic windfl should experi- 
nce grater happiness afer receiving the windfall 
if'they spend it on others rather than themselves, 
ven controlling for happiness before the windfall. 
We tested this prediction by examining the hap- 
pincss of 16 employees before and aller they 
received a profit-sharing bonus from their compa 
ny (/3). One month before receiving this bonus 
(MF $4918.64, SD = 1816.98), the employees 
reported their general happiness as well as their 
annual income, Approximately 6 to 8 weeks after 
receiving the bonus, participants again reported 
their general happiness and then reported what 
pereentage of their bonus they had spent on (i) 
bills and expenses, (ii) rent or mortgage, (iii) buy- 
jing something for themselves, (iv) buying some- 
thing for someone else, (Vv) donating to charity, 
and (vi) other. The first three categories were 
summed 10 create an index of personal spending 
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(M > 63.4, SD = 38.20), and the fourth and fifth 
categories were summed to ereate an index of 
prosocial spending (M= 12.19, SD = 35). 
Entering Time | happiness and our two spend 
ing indices into a regression predicting Time 2 
happiness revealed that prosocial spending was 
the only significant predictor of happiness ut 
Time 2 (B = O81, P< 0,02), With income in- 
cluded as an ational predictor in tis regression 
(8 = -003, NS), the eflect of prosocial spending 
remained significant (B = 0.96, P< 0.02). Simi- 
larly, the presocial spending effect was signi 
(B= O81, P< 0.03) when contolling for bonus 
amount (Bi = 0.00, NS). Thus, employees who 
devoted mone of their bonus to prosocial spending 
‘experienced greater happiness after receiving the 
bonus, and the manner in which they spent that 
bonus was a more important predictor of their 
happiness than the size of the bonus itself (13). 
Buil on our correlational and longitudinal 
‘evidence that spending on others may promote 
happiness, we next demonstrated the causal im- 
pact of prosocial spending, using experimental 
methodology (/3), Participants (NV = 46) nated 
their happiness in the morning and then were 
given an envelope that contained either SS or 
$20, which they were asked to spend by 5:00 
p.m. that day. Participants randomly assigned to 
the personal spending condition were instructed 
tospend the money ona bill, an expense, or a gift 
for themselves, whereas participants assigned to 
the prosoeial spending condition were instructed 
to spend the money on a gift for someone else o 
charitable donation, Participants were called after 
5:00 p.m. that day and again reported their hap- 
piness. We submitted postwindfall happiness to a 
2 (windfall size: $$ versus $20) * 2 (spending 
direction: personal versus prosocial) between 
subjects analysis of covariance (ANCOVA), with 
prewindfill happiness included as a covariate. 
“This analysis revealed a significant main effect 
of spending instructions [Fay = 4.39, P< 0.04, 
effet size estimate (742) = 
the prosocial spen 
0.18, SD = 0.62) reported greater postwindfall 
happiness than did participants in the personal 
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spending condition (M = -0.19, SD ~ 0.66) 
Neither the main eflect of windiall size (Fi 
0.09, NS) nor the Windfll Size = Spending 
Direction interaction (F44 =0.12,NS)approachxl 
Significance. These experimental esuls provide 
direct suppor for our causal argument that spend 
ing money on others promotes happiness more 
than spending money on oneself 

In moving away from the traditional focus on 
income toward an examination of spending 
choices, our perspective dovetails with recent 
theorizing by Lyubomirsky, Sheldon, and Schkade 
(8) on the architecture of sustainable changes in 
happiness. According to Lyubomissky etal. (8), 
the historical focus on life cicumstances (2, 
income, gender, and religious affiliation) as pre= 
dictors of happiness may be somewhat mis- 
placed; because people readily adapt 1 the stable 
Circumstances of thei ives, circumstantial factors 
tend to have rather limited long-term effets on 
happiness levels. Thus, intentional activities 
practices in which people actively and effortfully 
choose fo engage may represent a more prom: 
ising route to lasting happiness. Supporting this 
premise, our work demonstrates that how people 
choose to spend their money is at ast as im- 
portant as how much money they make. 
‘inaly, despite the observable benefits of 
pprosocial spending, our participants spent rela- 
tively litle of their income on prosocial ends; 
participants in our national survey, for example, 
reported devoting more than 10 times as mucth 
money for pesonal as for prosocial spending 
each month. Athough personal spending is of 
necessity likely to exceed prosocial spending for 
most North Americans, our findings suggest that 
ery minor alterations in spending allocations 
as litle as $5 in our final studly--may be suf: 
ficient 9 produce nontrivial gains in happiness 
‘on a given day. Why, then, don’t people make 
these smal changes? When we provided descrip- 
tions of the four experimental conditions from 
four final study to a new sect of students at the 
same university (N= 109) and asked them to 
sek the condition that would make them hap- 
pest, Fisher's Exact Tests revealed that partic~ 


pants were doubly wrong about the impact of 
‘money on happiness: we found that a significant 
majority thought that personal spending (n= 69) 
would make them happier than prosocial 
spending (n= 40) (P< 0.01) and that $20 (n 
94) would make them happier than $3 (7 ~ 15) 
(P< 0,005). Given that people appear to over: 
Jook the benefits of prosocial spending, policy 
interventions that promote prosocial spending 
encouraging people to invest income in others 
rather than in themselves—may be worthwhile 
in the service of translating inereased national 
‘wealth into inereased national happiness 
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High Throughput Cellular Analysis 

The Cell Lab Quanta SC MPL Flow Cytometer can be integrated into a cell culture 
system to provide data and cellular growth parameters for the evaluation of clone 
selection, cell expansion, and protein expression results. The Quanta SC MPL can 
be integrated online with other peripheral devices and a robotic arm that moves 
cell culture plates to the flow cytometer for analysis. Data from the analysis is 
automatically captured by the instrument's software for real-time and subsequent 
analysisand interpretation. The integration of this advanced flow cytometer provides 
an expanded range of measurements for high throughput, walkaway cell analyses, 
including cell count and viability, apoptosis, cell cycle, and cell surface marker. The 
Quanta SC features three-color fluorescence, side scatter, electronic volume, and 
absolute count measurements along with easy-to-use software, automated color 
compensation, and multiple excitation wavelengths, including ultraviolet. It can 


analyze a sample in as little as 30 seconds, 


Beckman Coulter 
For information 714-993-8955, 
www.beckmancoulter.com 


Waterborne Contamination Prevention 

The AquaTec water preservation cell is for prevention of waterborne 
contamination in carbon dioxide incubators and water baths. The 
AquaTec provides up to six months of protection from more than 
6600 types of bacteria, viruses, molds, and fungi without the use of 
harsh chemicals. It is designed for all types of laboratory water and is 
suitable for use in equipment from any manufacturer across a broad 
range of biological research temperature environments. One three- 
inch AquaTec cell placed into the water reservoir provides long-lasting 
disinfection without the need for mixing or measuring potentially 
hazardous materials. Self-regulation maintains the correct level of 
anti-microbial concentration regardless of water level, negating the 
need for constant monitoring and testing. The AquaTec has optional 
suction cups for fixation in the water bath or incubator reservoir. 
ThermoFisher 

For information 828-365-1205 

www.thermofisher.com 


PCR Competent Cells 

The ExCyto PCR (polymerase chain reaction) Competent Cells 
express a thermostable DNA polymerase, offering a reliable, fast, 
and inexpensive way to screen transformed colonies. The user sim- 
ply transforms ExCyto PCR Cells using any E. coli vector, plates and 
incubates overnight, picks colonies, adds them to the provided reac 
tion mix with primers, and cycles, ExCyto PCR eliminates minipreps 
and the need for a purified, exogenous DNA polymerase for single 
colony PCR. Amplification is robust even with single-copy vectors. 
‘Amplicons up to 5 kb can be directly sequenced without purification. 
Lucigen 

For information 608-831-9011 

www lucigen.com 


Nucleic Acid Purification Automation 

The epMotion is an automated liquid handling system with ready-to- 
‘go methods for automated nucleic acid purification. The epMotion 
Plug'n’Prep technology offers pretested methods for walkaway 
DNA and RNA purification using a choice of more than 25 different 
protocols, The instrument gives researchers freedom to choose 
any purification technology: Invitrogen, Promega, Macherey-Nagel, 
Invitek, and 5 Prime have all developed epMotion methods. New 
userscan simply select their preferred brandand type of extraction kit, 
download the method from epMotion.com, and transfer the method 
data file to the epMotion. No further adaptation is needed, and setup 
time is less than an hour. A wide range of applications is available, 


www.sciencemag.org/products 
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including genomic DNA extraction from blood, tissue cultured cells, 
and bacteria; isolation of total RNA, viral DNA, and RNA; plasmid 
purification; and polymerase chain reaction cleanup. 

Eppendorf 

For information +49 40 538 01 640 

www.eppendorf.com 


Thermocycler Workstation 

The BLM-TC Planar Lipid Bilayer Thermocycler Workstation isa Peltier 
driven platform that provides tight and reproducible temperature 
control to facilitate the measurement of single-channel events at 
temperatures between $° and 50°C. This device heats and cools at 
an average rate of 3°C per minute and can maintain a temperature to 
within 0.2°C of the set temperature. 

Warner instruments 

For information 800-599-4203 

wvew.warnerinstruments.com 


Thermostable Polymerase 

The PyroPhage 3173 DNA Polymerase is cloned from thermophilic 
phage infecting boiling hot springs thermophiles. Itis available as the 
Wild Type enzyme and as an Exonuclease Minus mutant. itis more 
effective than polymerase chain reaction (PCR) enzymes in amplifying 
certain templates. its efficient reverse transcription activity enables 
single-tube, single-enzyme reverse-transcription PCR, and potent 
strand-displacing activity allows for isothermal DNA synthesis 
through double-stranded DNA. The enzyme initiates efficiently at 
nicks; therefore, DNA synthesis can be initiated either with primers 
‘of ata nick introduced by site-specific nicking enzymes, 

Lucigen 

For information 608-831-9011 

woewslucigen.com 


Electronically submit your new product description or produc literature 


information! Go to www.sciencemag.org/products/newproducts.dt for 
‘more information. 


Newly offered instrumentation, apparatus, and laboratory materials of 
interest to researchers in all disciplines in academic, industrial, and gov- 
cemnmental organizations are featured in this space. Emphasis is given to 
purpose, chief characteristics, and availabilty of products and materials. 
Endorsement by Science or AAAS of any products or materials mentioned 
is not implied. Additional information may be obtained from the manufac- 
turer or supplier. 
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EXODUS TO ASIA: 


RESEARCH OPPORTUNITIES ABOUND 


Asia is enjoying enormous investment in science an 
major attraction in the scientific jobs market. By Jul 


technology, and is proving a 
Clayton 


cience and technology is booming in Asia, and acting as a magnet for Asian 
scientists wishing to return home after training in the West—especially to 
China—attracted to full- or part-time positions in both academia and industry. 

Promoting the eastward migration is a strong government push—particularly 
in China, Singapore, Korea, and Japan—to become global players in science and 
technology, and massive investment from the pharmaceutical industry. The result is a 
heady mix of new R&D opportunities. 

Yet the “returnees” are only one side of the story. Also finding new opportunities 
are Western scientists wishing to work in Asia—including academics taking up 
professorships at Chinese universities. At the same time, scientific institutions in the 
West are keen to seize the new opportunities for research collaboration in Asia. 

All of this means that Asia is now enjoying a significant brain-gain, 


The Road to China 
Several major international pharmaceutical companies are expanding their research 
and development in China. The city of Shanghai, which has become a mecca for 
science generally, is now home to both a growing local pharmaceutical industry as 
well as international companies like Roche, Novartis, Novo Nordisk, GlaxoSmithKline, 
and AstraZeneca. Consequently, research opportunities go beyond the R&D pipeline 
to include drug manufacturing, clinical research, quality assessment, and quality 
control 

Roche was the first multinational pharmaceutical company to arrive at the 
Zhangjiang Hi-Tech Park in 1994, It opened a new research center in 2004 followed 
by a development center in 2007, and aims to bridge the gap between basic research 
and China's “huge resource in clinical research.” The goal is to identify new disease 
diagnostic markers and develop new therapies, according to the company’s head of 
R&D in China, Andreas Tschirky, and chief scientific officer Li Chen 

Chen, who returned to China after training in the United States, notes, “For many 
years there was a brain drain to the United States and Europe, but now there is a 
reversal because of the attractiveness of the job market for highly qualified people.” 

According to Tschirky, scientific enterprise in China is being actively welcomed by 
the Chinese government and local authorities, who are showing “strong leadership” 
and are “more proactive” than in the United States or Europe in listening to the 
views of scientists on the need for scientific innovation. To capture this momentum, 
Roche aims to provide a platform for local innovation to be transformed into 
marketable products. 

Besides actively recruiting, the company is striving to team up more with Chinese 
academics, clinicians, and local biotech as well as providing basic research grants. 
ino strings attached —to promote understanding of disease processes. 

Novartis also has an existing research facility at the Zhangjiang Hi-Tech Park 
in Shanghai with approximately 100 scientists. This will be superceded by a new, 
larger facility on which construction begins this spring, with a capacity for around 
400 scientists. 

“Shanghai is clearly emerging asa new epicenter of global science, 


AAAS/Science Business Office Feature 


Shanghalis clearly emerging 
as a new epicenter of global 
science, and is a magnet for top 


research scientists. 


H\ 


Upper: A*Star's diverse community 
Lower: En Li, vice president and head of 
the new Novartis facility in Shanghai 


Vaccine Research—March 28 
Translational Research (online only) —April 18 


Diversity 2: Afiity Groups (online only) —May 9 
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“In the last few years, our small 


institute [now with 17 principal 
investigators] is publishing 

at least one-third of all high 
profile papers in the biological 


sciences from China. 


Mu-ming Poo 


‘and is a magnet for top research scientists,” says En Li, vice 
president and head of the new facility, which provides “a significant 


5.” with, 


‘opportunity for Novartis to develop life-saving treatment 
particular regard to cancers that are endemic to the region. 

Denmark-based Novo Nordisk, which focuses on diagnosis and 
treatment of diabetes and other conditions, is actively expanding its 
R&D base in Beijing, “China is a grossly underestimated scientific 
force," says chief scientific officer Mads Krogsgaard, pointing 
to China’s current world ranking as fourth in publications output 
(according to National Science Foundation Science and Engineering 
Indicators 2008). 

The company is recruiting graduates from local universities into 
scientific posts at its R&D center, while looking mainly to Chinese 
expatriates from Europe and the United States to fill managerial 
positions, The latter have the advantage of “an international mindset 
but are still culturally Chinese,” says Krogsgaard, highlighting, 
in particular, analytical skills and the ability to collaborate with 
people of different backgrounds as particular strengths of Western 
{rained scientists. 

The Novo Nordisk R&D center was first established in 2002 to 
optimize recombinant protein production, but is now moving on to 
do “real project work and be more innovative,” including developing 
new drug targets. To complement the R&D expansion, the company 
is also creating a new research foundation, in partnership with the 
Chinese Academy of Sciences (CAS), to fund new research projects, 
scholarships, and exchanges for scientists working in protein 
science, particularly diabetes~a condition affecting around 40 
million Chinese. 

In contrast, China's biotech industry is in a fairly fledgling stage, 
according to Zailin Yu, a Chinese biologist who has returned to 
China from California. He took up a position as an adjunct professor 
at Peking University College of Life Sciences, and set up two 
companies. Despite owning the patent to a new technology for the 
production of recombinant protein-based drugs, he has not found it 
easy to attract private investment within China, and has had to turn 
to Chinese government grants and venture capital from the US, to 
fund his startups. 

“in Chit hard to find [a venture capitalist] who is patient 
‘enough to wait for animal testing, clinical trials, and then a product.” 
But he expects this to change in future as the market for new drugs 
is rapidly growing. 
tists returning to China are also finding attractive posit 
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in academia. Mu-ming Poo, director of the Institute of Neuroscience 
(ION) in Shanghai, part of CAS, is actively recruiting from abroad 
to the institute. He knows well the experience and skills that such 
researchers can bring to China, having spent nearly 30 years working, 
in the US when he took up the directorship in 1999. 

When Poo was about to accept a professorship at the University 
of California, Berkeley, in 1998, he was asked by president Lu 
Yongxiang of CAS to help promote Chinese neuroscience. Poo 
felt that he would not have the right impact if his task were just 
to “renovate old institutes.” Instead, he proposed a brand new 
Institute of Neuroscience with a modern infrastructure, “in other 
words merit-based rather than seniority-based promotion and 
resource allocation.” 

Poo, now director of ION, spends one week per month there, while 

jintaining his position as Paul Licht 
Professor in Biology in the Department of Molecular and Cell 
Biology at Berkeley. He is proud that the institute has made its 
name with a high quality of scientific output. “In the last few years, 
our small institute [now with 17 principal investigators]is publishing, 
‘at least one-third of all high profile papers in the biological sciences 
from China.” 

‘Most of the scientists moving to China are returning expatriates, 
‘as the culture and bureaucracy means that itis easier 
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Focus on Asia 


“it’s the easiest place 
to work I've ever been. 
Facilities, resources, and 
money are amazing. And 
the drive to accomplish 
something world class 
is breathtaking!” 

Victor Nurcombe 


for Chinese speakers to gain positions in the country, according to 
Poo. All documentation regarding work permits, contracts, and grant 
applications, for example, are in Chinese. 

He and others at ION are trying to make it easier for non-Chinese 
researchers by employing office staff who can speak and write in 
English, and by conducting seminars and lab meetings in English. 
“We now have a few non-Chinese students and postdocs. Our plan 
is that in a few years we are ready to accommodate non-Chinese 
principal investigators. Our goal is to be an international research 
institute, with a substantial fraction of non-Chinese Pls, similar to 
the Brain Science Institute of Riken in Tokyo, which now has 20 
percent to 30 percent non-Japanese research staff.” 

Scientists returning to China are having a strong impact, 
comments Nancy Ip, director of the Biotechnology Research 
Institute (BRO) at Hong Kong University of Science and Technology 
(HKUST). “These returnees enhance the innovation capabilities 
of China as they bring back with them a wealth of overseas 
experience such as exposure to cutting-edge research, knowledge 
of international standards, and a broad international network,” 
she says. 

In Hong Kong, in contrast, the biopharmaceutical industry is more 
in its infancy, according to Ip. Most of the cutting-edge research 
is university based, and is thriving in all areas of life sciences and 
medicine as well as in the physical sciences, particularly analytical 
and synthetic chemistry. 


Jobs Galore in Singapore 

Meanwhile Singapore is attracting considerable attention with 
the establishment of two flagship R&D centers by the government 
‘Agency for Science and Technology Research (A*STAR). The first 
is Biopolis, opened in 2003 to develop biomedical sciences. 
The second is Fusionopolis, devoted to creating the next generation 
of technologies, materials, and devices and due to open later 
this year. 

The two megacenters currently employ around 3,000 researchers 
across 14 separate research institutes and are overseen by 
the Biomedical Research Council (BMRQ) and the Science and 
Engineering Research Council (SERQ. They are intended to improve 
the visibility of Singapore's R&D, foster multidisciplinary research, 
create new commercial spinoffs, and partner with local industries. 
They are attracting local and returning Singaporeans and scientists 
from other countries. 
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‘Agency for Science and Technology 
Research (A*STAR), Fusionopolis 


“it is a truly international research community, embracing. all 
nationalities, all faiths, and all ethnic groups,” says Andre Wan 
of BRC. 

“A lot of things are happening at a very fast pace,” says Jackle 
Ying, who was a professor for 11 years at MIT in Cambridge, 
Massachusetts, before moving to Singapore in 2003 as executive 
director of the Institute for Bioengineering and Nanotechnology, 
“and Singapore has tremendous research opportunities, especially 
in the biomedical areas.” 

Around 80 percent of the institute's scientists are either returning 
Singaporeans or foreign-born—mostly from the United States, 
Europe, Australia, and Asia—and include chemists, biologists, 
computer scientists, electrical and mechanical engineers, and 
medical doctors. “They come over because they are excited about 
the research,” says Ying. 

In comparison to when she was in the US, Ying feels she has more 
funding options and more flexibility about research directions in 
Singapore. However, she still maintains an adjunct position at MIT. 

Singapore's legacyas a former British colony means that Englishis. 
the official working language, making the recruitment of scientists, 
for example, from North America, Europe, and Australia relatively 
easy compared to elsewhere in Asia. 

For Victor Nurcombe, coming to Singapore after working in Europe, 
the United States, and Australia was “a revelation.” He arrived four 
years ago from the University of Queensland to work at the Institute 
of Cell and Molecular Biology. “It’s the easiest place to work I've ever 
been. Facilities, resources, and money are amazing. continued 
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Focus on Asia 


“Don't flock with your own kind 
too much. Although you may be 
tempted to work preferentially with 
fellow countrymen, especially if you 
feel yourself in a strange land, It 
will inevitably limit your horizons.” 


Jonathan Hobley 


‘And the drive to accomplish something world class is breathtaking!” 
he enthuses. “To be relieved of athe burdensome administration, to 
be just left alone to do the best science, not constrained by endless 
grant writing or budgets~what's not to like?” 

Certainly, if the investment is anything to go by, then Singapore 
is well on the way to its aim of becoming a major scientific hub in 
Asia, A*STAR gets a five-year budget of USS3.6 billion, and this for a 
population of only 4 million people. 

The multiethnic makeup of Singapore (particularly Chinese, 
Indian, and Malay communities) together with good health care 
infrastructure is attracting pharmaceutical companies wishing to do 
clinical trials—for example GlaxoSmithKline, Novartis, Eli Lilly and 
Company, Pfizer, Merck, and Schering-Plough. 

Elsewhere in Singapore existing links with the West are 
already strong, and getting stronger. For example at the Nanyang, 
Technological University (NTU), recruitment of international 
faculty is occurring across a wide range of subject areas, including, 
engineering and science, with special emphasis on its Nanyang 
Assistant Professorship scheme, awarding 10 to 12 distinguished 
young faculty each year witha competitive salary and up to $1 million 
startup funds over the first three years, And at the postdoctoral level, 
NTU is working through the SINGA Scheme with A*STAR to recruit 
candidates from Eastern Europe, Russia and Ukraine, and the Middle 
East as well as to bring in Singaporean students. 

Similarly, the National University of Singapore (NUS) is thriving in 
‘many areas. “We recruit both locally and overseas, and particularly 
like to ‘attract back’ overseas Singaporeans who have distinguished 
themselves in research,” says Barry Halliwell, deputy president 
(research and technology). NUS also has links with leading overseas 
partners and international education alliances. 


East Meets West 
Meanwhile, scientific institutions in Europe and North America are 
forging international partnerships spanning East and West. The 
German Research Foundation (DFG) is encouraging links between 
its scientists and collaborators in China, Korea, and Japan. This 
is most advanced in China, where the Sino-German Center for 
Research Promotion in Beijing, funded jointly with the National 
Natural Science Foundation of China, supports cooperation between 
Chinese and German scientists doing basic research in the natural, 
life, engineering, and management sciences. 

“We would warmly encourage scientists to [come to China), 
because China’s science system is becoming increasingly interesting 
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and offers a growing number of opportunities,” says the center's 
German director Armin Krawisch. 

At a more preliminary stage, but also promising, is the 
promotion of new ties between DFG and the Japan Society for the 
Promotion of Science (JSPS), illustrated by a joint symposium in 
Hamburg in January 2008 for young researchers on global climate 
change science. 

Along similar lines, the umbrella organization for the UK’s research 
councils —RCUK—opened an office in Beijing in October 2007, 
a view to enabling the research councils to offer UK-China funding 
opportunities (ideally in conjunction with Chinese funding agencies) 
‘and make it easier for individual researchers to develop contacts 
with key partners in other countries, according to the office director, 
Chris Godwin. 

Current plans include several small schemes for facilitating 
research and travel, while four major projects are also under way 
involving different UK academic institutions, to promote research 
into urban sustainability. 

Other links between Europe and Asia include plansby the European, 
Science Foundation and the Korea Research Foundation to create 
new exchange and research initiatives. The Korean government 
hhas invested heavily in R&D, for example, in both the private and 
academic sectors, having increased spending between 2000 and 
2004 from 2.4 percent to 2.9 percent, and is looking to forge links 
with other countries. But Korea has yet to see the influx of trained 
scientists that China is enjoying, and increasing numbers of students, 
are opting to study abroad, particularly in the US, and may not return 
to Korea. 


Tips for Travelers 
So what tips are there for all the foreign scientists in the West who 
are considering packing their bags for Asia? 

Scientists heading for China should “be willing to adapt to, or at 
least accept, the different conditions in work life, habits, salaries, 
structures and hierarchies, decision making, equipment, and so 
on.” says Krawisch. He adds that “cultural training on Chinese 
characteristics and—for those who stay longer—some Chinese 
language skills are highly recommended.” 

In Singapore, Nurcombe advises, “Use the opportunities given to 
you as best you can. The island is developing its research foci and its 
research style so, because it’s very compact, you can have a major 
effect on how things happen.” 

British researcher Jonathan Hobley at the Institute of Materials 
Research and Engineering recommends that foreign scientists begin 
networking as soon as they arrive—taking advantage of the high 
density of labs. “It is valuable and pays rapid dividends if you let 
people know what you are doing and where you can work with them.” 
But, he warns, “Don't flock with your own kind too much, Although 
you may be tempted to work preferentially with fellow countrymen, 
‘you feel yourself ina strange land, it will inevitably limit 
your horizons.” 


Julie Clayton, a freelance science writer and journalist, works out of 
Bristol, UK. 
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